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PREFACE 

The transmission of messages by radio signals is to many a 
mysterious process. The mystery, however, is not inherent in 
the transmission of intelligence by- ether waves for almost every 
light-house is a radio transmitter which sends out signals by long 
and short groups of waves, and by waves of different lengths, that 
is, white and colored light. This is never considered mysterious 
for the simple reas6n that nature has furnished man with a sense 
organ by means of which these light waves are detected. If 
himian beings were bUnd, like the fish of Mammoth Cave, the 
detection of light signals would become a very difficult and mys- 
terious process. No light signals could be detected unless some 
means were devised for translating or converting light phenomena 
into phenomena capable of detection by some one of the other 
senses. 

The mystery and difficulty of radio communication is primarily 
due to the fact that nature has not provided man with a sense 
organ which is capable of detecting electromagnetic waves im- 
mediately, but these waves must first be translated into other 
phenomena. It is undoubtedly true that space is filled with 
phenomena of which we are wholly unconscious, or in other words 
to which we are totally blind. This was true of electromagnetic 
waves until means of detecting these waves were devised. In 
reality they are no more mysterious than light. 

Since radiotelegraphy is an electromagnetic phenomenon, 
and electric and magnetic apparatus is employed in the genera- 
tion and detection of electromagnetic waves, a goodly portion 
of this book is devoted to a discussion of electromagnetic theory 
and apparatus, for without an understanding of these the student 
cannot understand the principles of the operation of radiotele- 
graphic apparatus. He may learn to operate it, but such opera- 
tion will be merely a mechanical and not an intelligent process. 

Although the treatment cannot be called nonmathematical, the 
use of mathematical expressions is limited and only the more 
elementary mathematics is used. In connection with the limited 
use of mathematics, an attempt has been made to explain the 
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principles involved so fully that a reader unable to follow the 
mathematical demonstrations may still acquire some under- 
standing of the subject. 

The author wishes to express his appreciation of the kindness 
of The Bureau of Standards, the Clapp-Eastham Company, 
The General Radio Company, and The William B. Duck Com- 
pany for their kindness in lending cuts of radio-apparatus. 

The author is indebted to Mr. Carl F. Kottler, graduate of 
the University of Wisconsin and a practical radio operator, for 
assistance in the preparation of the chapters on Practical Trans- 
mitting and Receiving Apparatus, and especially to Cyril Moreau 
Jansky, instructor in radio-physics, for the preparation of the 
chapter on Vacuum Tubes and Their Application to Radioteleg- 
raphy. He is also indebted to Professor E. M. Terry who kindly 
criticized the manuscript and made many valuable suggestions. 

C. M. J. 

UNivBRsrrY OP Wisconsin, 
December, 1918. 
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PRINCIPLES OF 
RADIOTELEGRAPHY 

CHAPTER I 
MAGNETIC PHENOMENA 

1. Introduction. — In order that a student may acquire an 
understanding of some of the more elementary principles of wire- 
less transmission of intelligence he must have some conception 
of the entity called ether and the part this ether plays in the mani- 
festation of electric and magnetic phenomena. Although some 
physicists may deny the existence and necessity of the ether 
and the vaUdity of explanations of electromagnetic phenomena 
based on the ether theory, nevertheless, to most people the 
transmission of energy across and by means of a vacuum is 
unthinkable. 

2. The Ether. — It is a matter of common experience that light 
passes from its source to objects, from which some of it is re- 
flected, and if this reflected light enters the eye of an observer, he 
sees the object. That is, light after passing through space enters 
the eye and by its effect upon the optic nerve produces the sense 
of vision. The question naturally arises. What is light? A 
simple experiment will show that light will pass just as readily 
through a glass bulb containing the highest vacuum attainable 
as through a bulb filled with air or any other material medium. 
Hence, it follows that no material medium is instrumental in the 
transmission of light from one point in space to another point. 
Furthermore, it is known that Ught has the properties of waves 
and if that is true, it follows that because light passes through 
a vacuum there must be present some medium in which waves 
can be produced. It is impossible to think of energy being con- 
veyed across or through a vacuum unless there is present some 
medium which acts as a carrier. This medium, in many respects 
hypothetical, is the ether. 

1 
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Similarly, in order to explain many electrical and magnetic 
phenomena, the assumption of some nonmaterial medium is 
necessary. The proof of the identity of this medium, through 
which magnetic and electric phenomena are manifest, with the 
ether was one of the greatest achievements of the last century 
in the realm of physics. 

3. Properties of the Ether. — The properties of the ether are 
mainly inferred from phenomena made manifest by or through it. 
Thus the speed of Ught is known to be about 3 X 10*® cms. = 
30,000,000,000 centimeters, or 186,000 miles per second. Since 
it takes time for the waves in the ether to travel through space, 
it follows that it takes time to develop within the ether the con- 
dition known as light, and hence the property of inertia is 
inferred. 

The elastic property of the ether is obvious, for if waves are 
transmitted by it, elastic deformations must take place. That 
is, there must be a yielding of the medium imder the action 
of a suitable force, and a return of the medium to its original 
condition when the force vanishes. 

Another obvious property is its omnipresence. This property 
is readily inferred from the fact that hght waves are propagated 
through vacuum, gases, liquids, and soUds to a greater or less 
extent, and hence, ether must permeate and be present in all. 
The ether can thus be regarded as a universal medium permeat- 
ing all regions of space and extending beyond the remotest stars. 
With reference to the earth and other bodies the ether is at rest. 
That is, these bodies do not carry the ether with them in their 
motions as the earth carries an envelope of air, but they move 
throught the vast ocean of the ether as freely as a sieve moves 
through the air. The properties of ether that are of interest 
and importance in electromagnetic phenomena, such as radio- 
telegraphy, are its inertia and elastic properties. 

4. Magnetic Field. — If a sheet of paper be placed over a bar 
magnet and while in this position iron filings be sprinkled upon 
paper, it will be found that the filings form a pattern which is well 
represented by Fig. 1. This pattern shows that the iron filings 
are constrained or forced to arrange themselves into curved 
lines or rows joining two points on the magnet. It is thus evident 
that there is some influence permeating the space around the 
magnetized bar. 

The space around the magnet which is permeated by a mag- 
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netic influence is a magnetic field. When a magnetic substance, 
such as the iron filings, is placed within the field, it becomes mag- 
netized and sets itself in a definite line. The iron filings become 
small magnets, and when two magnets are brought near each 
other a force is exerted between them. This force causes the 
iron filings to make certMn designs as shown in Fig. 1. This 
repr^entation of a magnetic field is only in one plane, that is, in 
the plane of the paper which was laid on the bar magnet. A simi- 
lar d^gn will be obtained if the magnet is turned on edge or in 
any position parallel to its length. This means that the magnetic 
field completely surrounds the bar magnet and is carried with it 
when the magnet is moved. 
There are explanations advanced for the development of mag- 



FiD. I. — Magnetio fidd aiound a bar magoet. 

netism in a steel bar, such as the bar magnet under consideration, 
but these theories we can at present neglect and merely recognize 
the existence of an infiuence about a bar magnet which affects 
iron filings when they are brought near the magnet. This in- 
fluence is not conveyed from the magnet to the iron filings by 
the air or by any matter that may connect the two, such as the 
paper, for the influence will manifest itaelf in a vacuum. The 
infiuence is conveyed or transmitted by the ether whose properties 
were briefly described in the preceding article. 

A brief consideration will show that when a piece of steel is 
magnetized it acquires some unique properties. To all appear- 
ances there is no difference between the magnetized and unmag- 
netized bar. They look alike; when magnetized the bar does not 
change in weight; nor can any change in the bar be detected by 
chemical analy^. Yet in the neighborhood of magnetic material 
or of electric currents the magnetized and unmagnetized bars 



4 PRINCIPLES OF RADIOTELEGRAPHY 

behave differently. The magnetized bar has associated with 
it a peculiar state of the ether which influences magnetic material 
in characteristic ways, the most obvious of which is the exertion 
of a force. The ether around the magnet is the seat of this 
property. 

The magnetization of a bar of steel or of iron is accompanied 
with the development of a peculiar state in the ether which we 
may call a strain. The lines of strain are called magnetic lines. 
These magnetic lines have certain properties which are manifest 
under certain conditions. Thus, if another bar magnet be 
brought near the first and the resulting arrangement of magnetic 
lines be determined with the aid of iron filings, it is found that 
two characteristic configurations result as shown in Figs. 2 and 



PiQ. 2. — Magnelic field between like magnet polos. 

3, depending upon the relative polarity of the two magnets. An 
examination of Fig. 1 does not show any difference in the lines 
radiating from the two ends of the bar magnet. If, however, 
a bar magnet is brought near' and the resulting field is such as 
is shown in Fig. 2, then if one of the bar magnets is reversed 
the magnetic field shown in Fig. 3 results. This shows that the 
magnetic lines emanating from the two ends of the bar magnet 
behave diS'erently in the presence of another magnet. In Fig. 2 
the lines are joined and extend from one bar to the other, while 
it is plainly seen in Fig. 3 that the lines do not join but that those 
from one magnet deflect or push aside those from the other 
magnet. If the bar magnets were suspended so as to swing 
freely in a horizontal position, it would be found that the two 
■ends near" each other as shown in Fig. 2, would point in opposite 
directions. That is, if one pointed north the other would point 
south. Under the same conditions it would be found that the 
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two ends which are near each other in Fig. 3 would point in the 
same direction, either north or south as the case may be. From 
this and like phenomena the notion of polarity is deduced. That 
is, the conclusion is inevitable that the magnetic lines at the two 
ends of the bar magnet have different properties. A closer in- 
spection of the figures will indicate some of these properties; 
for instance, as the lines in Fig. 2 extend from one of the bar 
magnets to the other, it is evident that the two magnets would be 
drawn toward each other if free to move, That this is a correct 
conclusion can easily be shown by suspending one of the magnets 
so that it can swing freely and observing its behavior when the 
opposite poles of the two magnets are brought near each other. 
When opposite poles are brought near each other, a force of 



Fia. 3, — Magnetic field between unlike magnet poles. 
attraction between the bar magnets results. This shows that 
the Unes between the magnets, as shown in Fig. 2, have a ten- 
dency to contract; or, in other words, they act like rubber bands 
under tension. 

An examination of Fig. 3 will show that when like poles are 
brought near each other, the lines do not join, but those from 
one magnet are deflected or pushed aside by those from the other 
magnet. Evidently, in this case a force of repulsion results. 
Although this force is manifested by the motion of the bar mag- 
net, if permitted to move, nevertheless the seat of this force 
is in the ether between the two magnets. 

6. Like and Unlike Poles. — If the bar magnet is suspended so 
aa to swing freely in a horizontal plane, one end of it will point 
north while the other will point south. If the magnet be de- 
flected from this position, it will return to it if permitted to move. 
The end that points north is called the north-seeking or ■positive 
ffAe, while the end that points south is called the southseekijig 
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or negative pole. For purposes of uniformity in the discussion or 
treatment of magnetic phenomena^ the magnetic lines are always 
assumed to emanate from the north-seeking pole, to pass through 
space and return or reenter the magnetic material, in this case 
the iron bar, at the south or south-seeking pole. When poles 
of opposite polarity are brought near each other, the magnetic 
lines pass from the north pole into the south pole as indicated 
in Fig. 2, while if poles of opposite polarity are brought near each 
other, we have the results as indicated in Fig. 3. 

6. The Magnetic Circuit. — The path of the magnetic line is 
known as the magnetic circuit. In Fig. 1 the magnetic circuit 
is made up of two parts — the material of the magnet and the air 
through which the hnes pass. A magnetic circuit is said to be 
closed when the circuit is composed entirely of magnetic sub- 
stances, such as iron or steel. A magnetic circuit is open when 
an air gap intervenes. 

If a magnetic substance be brought into a magnetic field, 
the magnetic lines will be concentrated within the substance. 
Whenever pieces of iron or steel are brought into a magnetic 
field, the lines pass through them more readily than air and 
they become magnetized. If the material is soft iron, it will 
lose its magnetism when it moves from the field. Hard steel, 
on the other hand, when once magnetized, will retain its mag- 
netism indefinitely. 

Whenever a magnetic field is developed in any circuit the lines 
will pass along the path which offers the least opposition to their 
development. Iron offers the least resistance for the passage 
of the magnetic lines and so is used for a magnetic circuit when- 
ever possible. Air offers from one to ten thousand times as 
much resistance to the development of magnetic lines as iron, 
depending upon the degree of magnetization. This property of 
relative magnetizability is called permeability. Copper, glass, 
paper, and other nonmagnetic substknces offer the same re- 
sistance as air to the passage of the magnetic lines. Magnetic 
circuits through substances other than iron are usually made 
short so that the number of lines in the magnetic field will 
be as great as possible. The horseshoe magnet is stronger 
than the bar magnet of the same size because the magnetic 
circuit through the air is shorter. The opposition or resistance 
which any substance offers to a passage or development of mag- 
netic lines is known as a magnetic reluctance. 
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7. Unit Magnet Pole. — In the measurement and calculation of 
magnetic forces, some unit of pole strength is needed. Since 
forces of attraction or repulsion are present when poles of two 
magnets are near each other, this fact is made use of in defining 
unit magnet pole. 

Definition. — ^A unit magnet pole is a pole of such strength as 
will exert a force of one dyne upon a like and equal pole at a dis- 
tance of one centimeter in air, or in a vacuum. 

A dyne is about ^^ ^^ of a pound avoirdupois. A centimeter 

is Tjn^ inch. 
2.54 
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8. Electric Charge. — The peculiar property possessed by a 
hard rubber comb, after it has been used in combing the hair, 
of first attracting and then after contact repeUing any hght object, 
has been known for a long time. As we were not concerned with 
the theories of the cause of magnetism, so in this case we are not 
concerned with the theories of the cause of this property acquired 
by the hard comb. What we are interested in is the fact that 
when a glass or vulcanite rod is rubbed with some other substance, 
such as silk, wool, or fur, it will acquire some properties which 
it did not possess at first. A substance like hard rubber or glass 
which when rubbed wiQ attract hght objects, is said to be electri- 
fied, or to have been given a 
charge of electricity. Although 
this does not tell us anything 
about the essential nature of elec- 
tricity , if we study the phenomena 
accompan3dng a charged glass or 
rubber rod, we will acquire some 
knowledge of the behavior of 
electric charges under such con- 
dition, and the development of 
electric forces. For instance, if 
a glass rod be rubbed with 
fur and then suspended in a stir- 
rup as indicated in Fig. 4 and another electrified glass rod 
be brought near, it will be found that a force of repulsion exists 
between the two rods. This force of repulsion is exerted 
through space exactly as the force of attraction or repulsion 
in the magnetic field was exerted through space. Likewise 
this force will be manifest if the experiment is performed 
in a vacuum; that is, if no material substance is present be- 
tween the two rods. The electrification of the glass rod 
develops a certain property of the ether surrounding the rod 

8 




FiQ. 4. — Repulsion of positively 
charged glass rods. 
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which causes the force of attraction or repulsion; in this case, 
repulsion upon the neighboring rod. We again have the ether 
as the seat of this property. Although the force exerted between 
the two rods would be measured in exactly the same mechanical 
units as the force exerted between two suspended magnets, the 
condition of the ether that produces the force in the one. case 
is not the same as the condition of the ether that produces the 
force in the other case. Simply experiments will show this. 
Before pointing these out, however, it must be observed that 
if the glass rod in tlje stirrup has been rubbed with silk and a 
vulcanite rod which has been rubbed with a woolen cloth be 
brought near, the force developed wUl be one of attraction in- 
stead of repulsion. This, again, is analogous to the case in 
which unhke magnetic poles were brought near each other. 

9. Electric Field.— We saw that if a sheet of paper be placed 
upon a magnet and iron fiUngs be sprinkled on it, the resulting 
pattern is that shown in Fig. 1. If similarly a sheet of paper be 
placed over an electrified rod, or any electrically charged body, 
and instead of iron fiUngs, powdered mica be sprinkled on it, the 
direction of the strains in the ether will be indicated by the 
arrangement of the powdered mica. But it will be observed that 
there is this difference in the two patterns: in the magnetic field 
both ends of the lines are joined to the magnet. In the case of 
the electric field, as is shown by Fig. 5, 
the lines originate at the charged body 
but do not reenter it. They radiate in 
all directions. 

The reason for this difference lies in - 
the fact that the body may be charged 
either positively or negatively. While it -^ * / ^ \ 
is impossible to develop a positive magnet ^ ♦ *^ 

pole without at the same time develop- ^iq. 5.— Electric lines 

ing a negative pole on the same piece of around a uniformly charged 

steel, this is not the condition when a ®^ ^^®* 
rod is rubbed with silk or fur; two kinds of electrifications are 
developed, but they are not confined to the rod. One kind is 
confined to the rod and the other to the material with which it 
was rubbed. If the two bodies are brought near each other, the 
lines extending from the rod will terminate in the material with 
which it was rubbed. 
If two spheres be electrified with equal and Uke charges of 
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dectricity, and then one sphere be brought into the vicinity of the 
other, the condition of the ether around the spheres will be repre- 
sented by the lines of Fig. 6. The spheres repel each other, and 




Fio. 6. — ^Electric field between two like charges. 

this property of repulsion is indicated by the condition of the lines 
between the spheres. On the other hand, if two spheres charged 
with opposite kinds of electricity be brought near each other, the 
condition of the ether between the two spheres will be that 





Fig. 7.— Electric field between two unlike charges. 

indicated in Fig. 7. In this case the lines from one of the spheres 
terminate on the other. This condition of the ether will cause a 
force of attraction to exist between the two spheres. 

10. Electric Field between Parallel Plates. — If two plates made 
pf ponductin^ material be placed near ^ach other, as indi^at^d ifl 
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Fig. 8, and if while in this position these two plates be charged 
with opposite kinds of electrification, the electric field between 
the two plates is well illustrated by the lines between them. 
The lines of the electric field extend from the positively- 
charged plate and terminate in the negatively charged plate. As 
a consequence of this charge, there will be a force of attraction 
exerted between them. 

From the behavior of charged bodies in the vicinity of other 
charged bodies, the properties of the ether, when subject to an 
electric influence, have been inferred. Again for purposes of 
uniformity in the discussion of electric fields, it is assmned that 
the lines of electric strain emanate from the positively charged 
body and terminate in the negatively charged body; or, in other 
words, the positively charged body is the source of the lines and 
the negatively charged body is the terminus of the lines. Even 
if no negatively charged body is in the immediate vicinity of the 
positively charged body, the lines emanating from it end upon 
the ceiling, the walls, and the floor of the room wherein the posi- 
tively charged body may be placed, ultimately reaching the 
ground. 

There are several theories concerning the physical process in- 
volved in charging a body. We are not concerned at present 
with these theories. The thing of importance is the condition 
of the ether surrounding a charged body, and the properties of 
this ether when the body is electrified. 

We saw that when a magnetic body was placed within a mag- 
netic field or within a space subject to a magnetic influence^ 
the number of magnetic hnes was in- 
creased, and their arrangement was 
modified. In an analogous manner, if 
a certain charge be placed upon one 
of two plates. Fig. 8, the space between 
the two plates is filled with a certain 
number of lines, and a definite force ^^^l^^^tlS^^:^'' 
will be exerted between the two plates. 

If, now, instead of air we interpose between the two plates some 
other substance such as wax, this force will be materially reduced; 
that is, the medium between the two planes greatly influences 
the force exerted between them ; or, in other words, modifies the 
tension of lines that extend between the two plates. 

11. Properties of An Electric Field. — The electric field is 




12 PRINCIPLES OF RADIOTELEGBAPHY 

evidently a condition of the ether by meians of which the influence 
of an electric charge is made manifest on another electric charge. 
As this influence usually manifests itself in the form of a force, 
the lines of electric strain are conunonly called electric lines of 
force, and the electric field is called a field of force. This is 
hardly a correct characterization, for no force, in the usual sense 
of the term, exists in an electric field until a charged body is 
present. When, however, a charged body is brought within the 
sphere of influence of another charge, the reaction between them 
is manifest as a force. This force is found to depend upon the 
amount of the charges, their distance apart, and the nature of the 
surrounding medium, called the dielectric. In algebraic symbols 
this force is expressed by 



F = 



__ product of charges 



constant X square of distance between the charges. 

The constant k depends upon, the dielectric or medium sur- 
rounding the charges. It has already been pointed out that if 
wax is interposed between two charged plates the force will be 
reduced. 

12. Unit Charge. — Since two electric charges exert a force on 
each other when one is within the sphere of influence of the other, 
this force may be used to measure the quantity of the charge. 
A unit charge is one which will exert a unit force on a like charge 
when the distance between them is unity. If g = ^', A; = 1, 
and d = 1 cm. then q is said to be a unit charge if the force F 
is one dyne. In other words, a unit electrostatic charge of 
electricity is one which wiQ exert a force of one dyne upon a like 
charge at a distance of 1 centimeter in air. This is a small 
unit and not commonly used. 

13. Electric Potential. — As two like charges repel each other 
it is evident that if one charge be kept stationary while the 
other is moved toward it, work must be done in transferring the 
movable charge from a distant point to one nearer the stationary 
charge. Thus, if in Fig. 9, A is a stationary charge and B a 
movable one, work must be done against the force of ul on B when 
B is moved to C. 

Energy must be stored in B as it is transferred to C. The con- 
dition of the point C with reference to the amount of work that 
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must be done in moving a unit positive charge from the earth up 
to that point is ca led its electric potential. If the unit charge be 
moved from C to Z), more work will have to be spent. The dif- 
f erencs of potential between C and D is measured by the difference 
between the work spent in moving a unit positive charge from ah 
infinite distance to C and to D successively. If the potential 
at C is represented by Vc and that at D by Vd then the difference 
of potential between C and Z) is Fd — Fc = work spent in moving 
unit charge from C to D, by definition. 

Furthermore, if Vd — Vc represents the work spent in moving 
unit charge between the two points, then if Q units are moved 
the work done will be Q times that required to move unit charge 

C 



A • 

Fig. 9. — Illustrating diflference of* potential. 

or work = (F© — Vc)' If we represent Vd — Vc hy E we 
at once have work = QE. 

Again it is evident that a positive charge at a point raises 
the potential of that point; for it would require more work to 
move a positive charge from the earth up to the point where the 
charge is located. If, however, some means can be employed 
whereby the repelling force of A can be reduced or diminished 
without diminishing the charge then a greater charge can be 
collected at the same point by the expenditure of the same 
amount of work. 

This is accomplished in two ways; by using a medium with a 
high dielectric constant, and by bringing an opposite charge near 
the point and thus lowering its potential. This is the principle 
applied in electrical condensers. 

14. Capacitance^ and Condensers, — If a large and small ball be 
charged while in contact, they will be at the same potential but 
they will not contain the same quantities of electricity; The 
fact that it takes a greater charge to raise one conductor to the 
same potential as another conductor is explained by saying that 
one conductor has a higher capacitance than the other. By 

^ Also called electrical capacity, and permittance. 
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capacitance of a conductor or a system of conductors is meant, 
the property of holding a charge of electricity. The capacitance 
is measured by the ratio of the charge to the potential difference. 

An electrical condenser is a system of conductors arranged so 
that their joint capacitance is greater than when used separately. 
That the electrical capacitance of a conductor is increased 

— Q ,/^ by the presence of another conductor 

I* * ^1 follows from the principles explained in 

— +1 the foregoing. This will be more easily 

*" ~ "I"! ji understood by reference to Fig. 10 which 

^ I I shows two conductors A and B so near 

1.| ^ ^ each other that the charge on one affects 

1-| the charge on the other. The potential 

jj of il is measured by the work required 

^~T| to bring a unit positive charge from the 

— -^ ^ h^— earth to the conductor A against the re- 

FiG. 10.— Principle of polling force of the charge +QonA and 

condenser. ^j^^ attracting force of -0 on B. The 

actual repelling force is thus the difference between the repelling 
force of +0 and the attracting force of — Q, and is less than 
the repelling force of +Q only. The presence of — Q on the 
conductor B, thus diminishes the potential of A, due to a charge Q 
concentrated on it. Hence, the charge to raise il to a given 
potential must be greater; that is, the capacitance of il is in- 
creased. It is not necessary to give a mathematical analysis to 
show that the capacity of A will increase the nearer B is to il, 
or the thinner the dielectric between A and B. For if we de- 
crease the distance d, we decrease the difference between the 
repelling force of +Q and the attracting force of — Q on the 
unit charge q. That is, the potential of il is reduced by bringing 
B nearer. The capacitance thus varies inversely as the thick- 
ness of the dielectric. 

Again if the two plates A and B be separated by air as shown in 
Fig. 11, and the plates be charged to a given difference of poten- 
tial, they will hold a certain definite charge Q. If now the plates 
be inunersed in water as indicated in Fig. 12, and if they be 
charged to the same difference of potential E, the charge will be 
about 90 times as great, or 90 Q. Thus, when water is the di- 
electric, the capacitance is greatly increased. The ratio be- 
tween the capacitance of the plates with some substance as the 
dielectric and the capacitance of the plates with air as the di- 
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electric is called the dielectric constant of that substance. In 

the example this ration is 

Cw:Ca::90Q:Q 

Cw 90Q ^ . , 
or ^ = -^ = 90 about. 

This shoira the influence of the dielectric upon the capacitance 
of a system of conductors or of a condenser. 

It is almost self-evident that the abiUty of a system of conduc- 
tors to store electricity is dependent upon the surface or area 

♦■^ ■ 



Fio. 12.— CondeoBW with 
water dielectric. 

of the conductors. Grouping these facts together we learn that 
the capacitance of a condenser is directly proportional to the 
area of the conducting plates in contact with the dielectric, to 
the dielectric constant, and inversely to the thickness of the di- 
electric. In algebraic symbols 

where X is a proportionality factor, k is the dielectric constant, 
A is the area of one side of the dielectric in contact with the 
conductii^ plates, and d is the thickness of the dielectric. The 
value of K will be determined by the units used in measiuing 
A and (i,and the unit in which the capacitance C is to be expressed. 
If C is to be in farads, Ainaq. cm., and d in centimeters, then 
X = 884 X 10-'*. 



Hence, C = 884 X 10-"- 

A farad will be defined later. 



JcA 



farads. 
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Example 

A condenser is made of 301 sheets of tin-foil separated by paraffined paper 
(Fig. 13). If the tin-foil is 25 X 25 cms. and the paper b 0.02 cm. thick, 
what is the capacity of the condenser? 




Solution 



Data 



Fig. 13. — Condenser plates. 



C = 884 X 10-" X 



kA 



k = 2.3 about. 
A = 25 X 25 X 300. 
d = 0.02. 



^ 885 X 10-" X 2.3 X 2^ X 25 X 300 

0.02 



I . '< 



.&^ 



Then 

= 1.9 X 10-» farads. 
= 1.9 microfarads. 

A microfarad is one-millionth of a farad. 

Condensers are of great importance in wireless telegraphy. 
A further discussion of their operation on charge and discharge 
will be given later. 



. !^ 



^ r : 
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CHAPTER III 
ELECTROM AGNETISM 

16. Introduction. — In the first chapter we learned that the 
space surrounding a permanent magnet possesses some peculiar 
properties. Some of these properties become apparent when iron 
filings are sprinkled upon paper placed on the magnet. Other 
properties become apparent when a compass needle is brought 
near the magnet and when the magnet is suspended so as to 
swing freely in a horizontal plane. In the second chapter some 
of the properties of electric charges were pointed out. It was 
shown that these properties are analogous to the properties of mag- 
nets, bu^ that essentially they are radically different. Although 
magnetic forces and electric forces are both made manifest 
or apparent through the instrumentality of the ether, the 
condition of the ether when subjected to a magnetic influence is 
not the same as when it is subjected to an electric influence. 
Under the conditions assumed in the two preceding chapters, 
electric and magnetic phenomena appear to be distinct. We 
shall now see whether this is always the case. 

16. Electric Current. — In Chapter II the electric charges con- 
sidered were stationary, or in a static condition. The influence 
permeating the ether is that due to a charge at rest. What 
phenomena would become apparent were the charge to move at a 
high velocity? Some of these phenomena can be studied by the 
aid of an experiment suggested by Fig. 14, which shows a wire 
connected to two dry cells and passing vertically through a 
sheet of paper. If iron fiUngs be sprinkled on the paper while 
the current is flowing in the wire, the iron filings will arrange 
themselves in circles around the wire as shown. While Fig. 14 
is merely a diagram, Fig. 15 is a reproduction of a photograph 
of the pattern made by iron filings around a current-carrying 
wire. Is this a new phenomenon or is the cause of the influence 
on the iron filings the same in nature as that around a bar magnet? 
One or two simple experiments will show that the phenomenon is 
magnetic, for if the current-carrying wire be held above and par- 

17 
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allel to a compass needle, Fig. 16, It will be found that the compasa 
needle will be deflected. The effect is just the same as when a bar 
magnet is held near the compass needle. This would indicate 




Pio. 14. — Diagram of maguetic field around 



it-canyiDE n 



that the field suiroundii^ a current-canyiog wire is a magnetic 
field. Another simple experiment to show the nature of the 
influence around a current-carrying wire may be performed as 
indicated in Fig. 17. When the wire is wrapped into a solenoid 



Fio, 15. — Magnetic fidd around a current-carrying wire. 

as indicated, and the solenoid is tested, it is found that it has 
north and south magnetic poles, and that in every way it has the 
properties of a bar magnet. Thus a current-carrying wire is 
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surrounded by a magnetic field. This is an important fact as it 
is the basis of the operation of all electromagnetic machinery. 
To the inquiring mind it may seem that while the foregoing 
phenomena are apparent, yet no relation has been shown between 
the charge on a glass rod and 
the electric current in the wire. 
This relation has been determined 
by discharging a static machine 
or a condenser through a coil 
wrapped around a sewing needle. 
When this is done, it is found FiQ.ie.-Magnetic^ 

' carrying wire. 

that the needle is magnetized. 

On account of the oscillatory discharge of the condenser the ex- 
periment is not always successful. This shows that an electric 
charge in motion produces a magnetic effect exactly as the current 
in the wire, Fig. 16. Hence it is reasonable to conclude that an 
electric current is merely a continuous passage of electric charges, 
and that one of the results of this continuous passage of electric 





Fig. 17. — Magnetic properties of a solenoid. 

charges is the production of a magnetic field in the space around 
the wire carrying the charges or current of electricity. 

17. Relation of Magnetic and Electric Fields. — In the pre- 
ceding article it was stated that a current of electricity is the 
continuous passage of electric charges. It is this and more, for 
these charges move from points of high potential to points of low 
or lower potential. According to the definition of potential, 
the wpfk don^ in transferring a charge of Q unite between twp 
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points, whose difference of potential is K, is QE if the charge Q 
is transferred from a point of low to a point of higher potential. 
If the direction of transfer is reversed, and the charge is permitted 
to move from higher to lower potential, then according to the law 
of conservation of energy, the enei^y that was stored must be 
given back. That is, the transfer of electric charges from high 
to low potential is accompanied by the development of energy. 
An electric current is thus accompanied by energy manifesta- 
tions. These manifestations of energy are of two kinds, (a) 
heating of the conductor and (b) energy stored in the space or 
ether surrounding the conductor. The energy converted into 
heat is spent in heating the air and surrounding objects and is thus 



Fio. 18. — Magnetic field between coaductori. 

wasted. With this, we are not at present concerned. In radio- 
telegraphy or wireless telegraphy, the energy in the ether sur- 
rounding a conductor is of first importance. This energy is in 
two forms, electromagnetic and electrostatic. 

If the two wires of a circuit be run vertically through a sheet of 
paper in a horizontal position, and if while a current is flowing 
in the circuit, iron filings be sprinkled on the paper, a magnetic 
field will result, as is shown in Fig. 18. The magnetic lines form 
closed curves around the conductors whose cross-sections are 
shown in black. The Crowding of the lines between the con- 
ductors will produce a force tending to separate them. That 
energy is present, or is stored, in the magnetic field is manifest 
by the force between the two wires. 

If a source of high potential be connected to two ends of twQ 
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wires while the two other ends are left separated so no ciirreiit 

can fiow, as shown in Fig. 19, and if powdered mica be sprinkled 

on the paper as indicated, the lines of electric strain in the ether 

between the two wires will likewise 

become visible. A pattern or map of 

such an electric field is shown in Fig. 

20. The lines emanate from one 

conductor and terminate on the other. 

The tension of these hnes, or tubes 

as they are sometimes called, will tend 

to drawtheconductorstogether. This 

shows that energy is stored in the 

electric field and that it is manifest 

by a force of attraction between the Fio. 19. — Diagrun of electric 

two conductors. fi^<* between two conductor. 

By combining, or superposing. Fig. 18 on Fig. 20 a combined 
map of the electrostatic and electromagnetic fields results. Such 
a combination is shown in Fig. 21. An examination of this 
figure shows that the lines of magnetic strain are at right angles 
to the lines of electric strain. This is brought out more clearly 
in the graphical representation, Fig. 22 The magnetic field 
shown in F^. 18 was produced when a current was Bowing in 
the conductors in opposite directions, and the electrostatic field, 




Fig. 20. — Electric field between oppositely charged conduotora. 

Fig. 20 was determined when the circuit was open. Under this 
condition no magnetic field surrounds the conductors. The geo- 
metric relation or relative position in space of the two fields is 
Tfell shown by Fi^. 22, but the physical relation b^twe^n the two i? 
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Dot apparent. This relation can be made apparent m another 
way. Suppose two electrically charged bodies, Fi^. 23, be 
connected by two conductors AB and CD. So long as the ends 
B and D are kept separate, an electrostatic field exists between the 



Fio. 21. — Maguetjo Mid electric fields between two wirea of a circuit. 

charged bodies and between the two conductors. The lines of 
electric strain will tend to shorten or draw the conductors toward 
each other. When the two ends B and D are brought into con- 
tact, the lines are permitted to shrink or collapse, their two ends 



Fig. 22. — Diagram o( electric and tnngaetic fidda around two wires ot a ciicuit. 

being drawn together. The two ends of the lines slide along the 
conductors toward B and D and these shrink or collapse. The 
motion of these lines accompanies or is the current In the con- 
ductor?. But we have seen that a current of electricity in a, 
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conductor is accompanied by a magnetic field around the cod- 
ductors. Hence it follows that the motion of the electric lines 
along the conductors produces or is accompanied by a m^netic 
Geld whose lines are at right angles to the direction of motion 
of the electric lines and also at right angles to their direction. 
Energy does not fiow from one point to another point unless 



Fia. 23. — Electric field betwet 



. two coaductiuE rods. 



these two fields exist together. A source of constant electromo- 
tive force or electrical potential connected to A and C will develop 
the lines of electric strain at a constant rate, and their motion 
will be accompanied by a mt^netic field of constant strei^h. 
18. Strength of a Magnetic Field Around a Current-canTing 
Wire. — Before discussii^ the application of the principles out- 
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Fia. 24. — Strensth ol DtBgoetic Geld around a wire. 

lined in the preceding articles, some other properties of the elec- 
tric circuit must be considered. We have just learned that a 
current-carrying wire is surrounded by a magnetic field, but 
nothing baa been said with respect to the the relation between 
the current and the strength of the resulting m^netic field. As 
experiment shows the magnetic field around a straight current- 
carrying wire is composed of concentric circles wrapped around 
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the wire. The strength of the field at any point will then be 
represented by the number of lines per square centimeter in a 
plane containing the wire, Fig. 24. The density, or nimiber of 
lines per square centimeter, decreases from the wire outward. 
Experiments, as well as theory, show that the strength at a point 
in space of a magnetic field due to a current depends directly upon 
the current strength and inversely upon the distance of the point 
from the wire. In algebraic symbols, if H represents the field 
strength at the point P, / the current in absolute units, and d 
the distance of the point from the current-carrying wire, then, 

2/ 

1' 



H = 




^ en diMnft* 



Fia. 25. — Force of current on magnet pole. 

The current / is measured in certain units as yet undefined. The 
intensity or strength of magnetic field H, is measured by the force 
exerted by the magnetic field upon unit magnet pole. A unit 
magnet pole is defined in Art. 7. 

19. Unit Magnetic Field. — A magnetic field of unit intensity 
is such a magnetic field as will exert a force of one dyne upon a 
unit magnet pole. As the magnetic field is produced by the cur- 
rent and as it is directly proportional to the current, the force a 
magnetic field, due to a current, exerts upon a unit magnet pole 
may be used to measure the current strength. Unit current may 
be defined in terms of this force. 

20. Absolute Electromagnetic Unit of Current. — When a wire 
along which an electric current is flowing is bent into a ring, all 
of the magnetic lines due to the current will pass through the 
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ring, Fig. 26. The definition of the electromagnetic unit of 
current is based on this fact. The absolute ampere is defined 
as the current which will exert a force of 2ir dynes upon a unit 
magnet pole placed at the center of a circular coil of 1 turn of 
wire, of 1 centimeter radius, of which the current-carrying wire 
is the circumference. The current is thus defined in terms of the 
force it exerts upon a unit magnet pole. This unit is commonly 
called the abampere to distinguish it from the ampere which is 
the practical unit of current and is equal to Ho of the abampere, 
or 10 amperes = 1 abampere, 

21. Electromagnets. — A current-bearing solenoid has the prop- 
erties of a bar magnet. It would, however, require enormous 




FiQ. 26. — Electromagnet. 



currents to make very strong magnets so long as the solenoid had 
only an air core. It is the combination of a solenoid and an iron 
core that makes possible the development of strong magnetic 
fields. Such a combination is called an electromagnet. Fig. 26. 

When a current of a given 
value is sent through the con- 
volutions of the solenoid, 
magnetic poles are developed 
at the ends of the solenoid 
in accordance with the prin- 
ciples already explained. If, 
while the current is flowing, 
an iron rod be inserted into 
the solenoid, it will be found 
that the electromagnet be- 
comes a much stronger mag- 
net. The iron, has thus a 
property of greatly increas- 
ing the number of magnetic ^^ 27.-Hor8e.Bhoe electromagnet, 
lines. Perhaps a better way 

of explaining the action of the iron is to say that it offers a much 
smaller resistance to the passage of the magnetic Unes, and ac- 
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oordingly the same current will send many more lines through 
the iron than through the air alone. 

If the magnetic circuit is composed wholly of iron, the opposi- 
tion to the building up of a magnetic field is much less than when 
the circuit is part iron and part air. Under such conditions the 
same current will develop an even stronger magnetic field. Thus, 
an electromagnet in which the magnetic circuit contains only 
a small air gap is more effective than one in which the air gap 
is large, Fig. 27. 
* 22. Magnetic Field Inside of an Anchor Ring. — Suppose a long 




•T*TOri»ft 



Fia. 28. — Anchor ring. 



helical coil of wire is bent into a ring, Fig. 28. When a current is 
passed through the wire of such a solenoid, the magnetic field is 
confined to the interior of the spiral ring and in the direction of its 
length. The work required to move a unit magnet pole around 
the magnetic circuit, that is, length of the ring, can readily be 

calculated. A straight conductor is surrounded by a magnetic 

27 
fi^ld whose strength at any point is -^. When a unit magnet pole 
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is moved around the wire at a distance d against the magnetic 
field, the numerical value of the work done will be 

27rd X ^ = 47r/. 
a 

If a imit magnet pole is moved along the circular axis of the 
anchor ring of N turns one complete revolution, it will have made 
one complete turn around each turn of wire. The total work will 
then be N times the work done in moving the unit pole around 
one conductor. Hence the work done in moving the magnet 
pole one complete revolution along the circular axis of the coil 
is 

W = 4tJV7. 

If ff is the force exerted by the magnetic field on a unit magnet 
pole within the anchor ring, then by definition W = HI, where 
I is the length of the path along which the magnet pole was 
moved. Equating these expressions for W we have 

HI = 4^NI, 

„ 47rNI 

where H is numerically equal to the strength of the magnetic 
field inside of the anchor ring solenoid. If 7 is measured in 
amperes, then 

4 irNI 



H = 



10 I 



23. Magnetic Field Inside of a Long Straight Solenoid. — 
It is evident that if the radius of the anchor ring is increased 
greatly, a part of the anchor ring will approach a straight solenoid. 
A long straight solenoid may be considered as a portion of an 
anchor ring with an infinite radius. The magnetic field near the 
center of a long solenoid will be the same as in the anchor ring, viz.. 



H = 



101 
1.257 N I 



gilberts per centimeter. 
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A more accurate expression for the field intensity inside of any 
solenoid is 



fi = 1.257Ar/[l-^^-^], 



where 2 « length of solenoid, 

X = distance of point inside of the solenoid from one end, 
Z — X = distance of the point from the other end, 
r =s radius of the solenoid. 

24. Magnetomotive Force and Magnetizing Force of a Sole- 
noid. — The magnetomotive force is defined as nmnerically 
equal to the work expended in moving a positive unit magnet 
pole around the magnetic circuit against the magnetic field. It 
has been shown that this, in both the anchor ring and long 
solenoid, is 

m.mi. = HI = 1.257 N I gilberts, 

when / is in amperes. H, the magnetizing force of the solenoid, 
is equal to the magnetomotive force per unit length. The stu- 
dent should remember, however, that neither the magnetomotive 
^ force nor the magnetizing force is of the physical nature of a 
force. They are of the nature of work per unit magnet pole. 
If an iron core be inserted into the anchor ring or solenoid, the 
flux density B is /iff, where /a = permeability. Then 



^ h257NI,i 



The total flux 



^ = BA = 



I 

1.257NI 



I 



nA 
m.m.f. 



mA 



The quantity —j is called the reluctance, R. We may then write 

magnetomotive force 



^ = 



reluctance 



^ — maxwells. 
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As the reluctance R = —r it is evident that the reluctance of a 

magnetic circuit varies directly as the length and inversely as 
the product of the permeabiUty by the cross-sectional area of 
the circuit, m for air is practically unity. 

If a magnetic circuit consists of several parts in series, each 
having a different length, cross-section, and permeability, the 
total reluctance is the sum of ^the reluctances of the several parts. 
Thus if h Ai Ml, {2 A2 ntj and 2s A9 /as are the lengths, cross- 
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Fio. 29. — Relation between flux density and magnetizing force. 



sectional areas, and permeabilities of three parts respectively, 
the total reluctance is 



Mi-4i M2A2 Ms^s 

and if a magnetomotive force of 1.257iY/ units is applied^ the 
flux resulting is 
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$ = 



1.257NI 



h _j_ J2_ _j_ h 



MiAi /xiAi M>^s 
_ m.m.f . 
R 

26. Magnetic Properties of Iron. — As iron in some form enters 
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Fia. 30. — Permeability curve. 



into all electrical machinery, its magnetic properties are of great 
importance. When a sample of iron is subjected to the influence 
of a magnetic field, it becomes magnetized. The relation be- 
tween the flux density B and the strength of the magnetizing 
force H, producing the flux density, is usually shown by means of 
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a magnetization curve commonly called B-H curve. A typical 
B'H curve is shown in Fig. 29. An examination of this curve 
shows that for values of H below 0.5 gilbert per centimeter the 
flux density increases very slowly. As the strength of H increases 
from 0.6 to 2 gilberts per centimeter the flux density increases 
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Fia. 31. — Hysteresis loop. 



rapidly from about 2000 to 12,000 lines per square centimeter. 
For higher values of R the flux density again increases at a much 
slower rate. This is a typical B-H curve for iron. The absolute 
values of B for corresponding values of K will be different for 
different samples of iron, but the general form in every case will 
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be the same. Such curves are of extreme importance in the 
design of electrical machinery. The /x-H, or permeability, curve, 
Fig. 30, is easily obtained from the B-H curve. The value of /x 
at any value of -ff is obtained by dividing the value of B by the 
corresponding value of H. Thus when B = 10,000, -ff = 1.25 and 
accordingly /* = 10,000 4- 1.25 = 8000. Other values of /x are 
calculated in the same way, and from these the n-H curve is 
plotted. This curve shows that the permeability of iron is not 
a constant quantity. This is an important fact. The sharp 
bend of the B-H curve, in this case that portion of the curve 
between B = 10,000 to B = 12,000, is known as the knee of the 
curve. For practical purposes, this is the point of saturation 
of the iron. Fig. 29 shows that as the magnetizing force in- 
creases, the flux density increases, although not uniformly. 

26. Hysteresis. — When a sample of iron is subjected to the 
influence of a magnetizing force which can be increased by steps 
and the magnetizing force and flux density are plotted, the curve 
shown in Fig. 29, results. If the magnetizing force be increased 
to any value, such as 4 gilberts, the flux density will reach a 
corresponding value of 14,000. If now the magnetizing force be 
decreased step by step, the flux density will not decrease along the 
magnetization curve, but will remain higher. This is illustrated 
by Fig. 31. This figure shows that when the magnetizing force 
has been reduced to zero, the flux density is still about 10,800 
lines per square centimeter. This value is called remanent or 
residual magnetism. The flux density drops to zero only after 
the magnetizing force has been reversed and, in the illustration 
shown, increased to about 3 gilberts per centimeter in the nega- 
tive direction. The magnetizing force required to reduce the 
residual magnetism to zero is called coercive force. It is thus 
evident that work must be done in causing the molecules to 
turn around and point in the opposite direction. The decreas- 
ing values of the flux density are higher than the increasing 
values of the flux density corresponding to the same magnetizing 
force. This lagging behind has, therefore, been given the name 
hysteresis which means ''lagging behind," and the area bounded 
by the four hues A, B, C, and D is called a hysteresis loop. This 
loop is due to the fact that some work must be done in magnet- 
izing the iron first in one direction and then in the other direction. 
The wider the loop the greater the amount of energy spent in the 
process of reversing the magnetization. This energy appears as 
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heat in the iron, and is lost for all practical purposes. For 
electrical machines in which the magnetization is variable, or 
alternates, it is of great importance to use iron whose hysteresis 
loop is very narrow and consequently has small hysteresis loss. 
Hysteresis loops give Valuable information in regard to the 
magnetic qualities of iron. 

27. Electromagnetic Induction. —Although even an approxi- 
mately complete discussion of the processes of generating an 
electromotive force, or electrical pressure, is beyond the scope 
of this text, nevertheless the more elementary principles must 
be given since knowledge of these is necessary for an under- 
standing of inductance and impedance which will be taken up 
later. In preceding chapters it has been shown that when an 
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electric current flows along a wire a magnetic strain is present in 
the ether surrounding the wire. The question naturally arises, 
will a current of electricity be produced in the wire if it is suddenly 
plunged into a magnetic field, or if a magnetic field of a neighbor- 
ing wire is suddenly built up. That is, if some other means are 
used to produce the magnetic strain around the wire, will this 
result in a current of electricity in the wire? This question cap 
be answered only by an experiment. 

Faraday showed that when a wire cuts across a magnetic 
field, or when a magnetic field is suddenly built up around a wire, 
an electric current will flow if the wire forms a closed coil. When 
the coil is open, of course, no current can flow, but the tendency 
for a current to flow is present nevertheless. Thus whenever a 
wire cuts across a magnetic field, or when there is relative motion 
between a wire and a magnetic field, or a magnetic field is sud- 
denly built up around a wire, there is also built up around the wire 
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an electric field or strain as already explained. If the two ends of 
the wire be brought together, the lines of the electric field will 
move along the connecting wires as explained in connection with 
Fig. 23, and we say a current flows in the wire. The relative 
motion of the wire and magnetic field thus produces a difference 
of potential between the two ends of the wire. This difference of 
potential is conmionly called electromotive force, or electrical 
pressiu'e. The current is the result of the development of this 
electromotive force. Electromotive force may also be developed 
in other ways. 

The significance of Faraday's experiments will be more easily 
understood from a consideration of Fig. 32. In this figure 
two opposite magnetic poles are shown near each other. Between 
them is the magnetic flux ^ which we shall assume as being cut 
by the conductor CD moving downward. If the conductor 
starts from the position CD and moves to the position CD', it 
will cut across the flux #. A galvanometer or other sensitive 
current detecting device connected to the ends of the conductor 
will show that during the motion of the conductor from CD to 
CD' an electromotive force is induced, that is, a current flows 
through the galvanometer. Experiment thus answers the ques- 
tion in the affirmative, and it remains to consider the relation 
between the rate of cutting and the induced electromotive force. 

It is worth while to point out that the magnetic lines must be 
actually cut by the conductor before an electromotive force will 
be induced. The conductor must move across the lines, and it is 
immaterial whether the magnetic field is stationary and the con- 
ductor moves, or whether the conductor is stationary and the 
magnetic field moves across it, or is suddenly built up aroxmd the 
conductor. The relative motion will result in an electromotive 
force being produced in the wire. 

Experiment further shows that if the conductory be moved rap- 
idly across the magnetic field, the deflection of the galvanometer 
will be greater. This means that the more rapidly the magnetic 
Unes are cut, the higher will be the induced electromotive force. 
Likewise, it; can be shown that if the speed of the conductor re- 
main constant, but the number of magnetic lines be increased, 
the induced electromotive force, or e.m.f., is also increased. 
All of these facts can be summarized into one statement — namely, 
the e.m.f. induced by a conductor moving across a magnetic 
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field is proportional to the number of lines cut per second^ or 
in other words the rate at which the lines are cut. If we represent 
the total number of magnetic lines cut in time t by ^, then the 

rate of cutting is j and the e.m.f. for one conductor is 

$ is called the magnetic flux. If there are n conductors cutting 
the same flux at the same rate, and if these are connected so that 
the eJB.f . induced in one is added to that induced in the others, 

then the total e.m.f. is B = — • The practical unit of electromo- 
tive force or electrical pressure is the voU, which is the e.m.f. 
developed when the conductor is cutting the flux at the rate of 
10* = 100,000,000 lines per second. It may be due to a single 
conductor cutting 10* lines per second, or to a large number of 
conductors, properly connected, each cutting a correspondingly 
reduced number of magnetic lines. If jS is to be expressed in 
volts, we divide by 10*, hence 



<X10* 



Examples 

1. If the total flux between the pole faces, Fig. 32, is 4,000,000 lines and 
the conductor moves across it in ^ second, what is the pressure between 
the ends of the conductor? 

Solution 

E = -; volts. 

tX 10* 

* = 4,000,000 

n = 1 

t » 1/2 sec. 

4,000,000 X 1 

J X 108. 

= 0.08 volts. 

■ 

2. Suppose one side of a coil of 1000 turns cuts the flux specified in Ex- 
ample 1 in 0.1 second, what will be the pressure between the terminals of 

the coil? 
5 
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SclvUon 

E « 



Then E 



t X 10> 

n « 1000 
«» 4,000,000 
t = 0.1 

4,000,000 X 1000 



0.1 X 10« 
400 volts. 



CHAPTER IV 
XJNITS OF MEASUREMENT 

28. Measurement. — In order that physical quantities may be 
compared and that their effects and relations may be calculated, 
they must be measured and their magnitudes or relative sizes 
determined. For the purpose of measurement, units are neces- 
sary. The unit is always some arbitrarily chosen magnitude of 
like quantity. For instance, the fundamental imit of length in 
most electrical calculations is a fractional part of the meter. The 
meter is defined as the distance, at the temperature of melting 
ice, between two points on a certain platinum iridium bar depos- 
ited at the International Bureau of Weights and Measures at 
Sevres, France. One one-hundredth of this length is the centi- 
meter which is the imit of length used in most scientific calcula- 
tions. In the British system of units the fundamental arbitrary 
unit of length is the yard, one-third of which, the foot, is com- 
monly used in engineering calculations. 

What is true with respect to the arbitrary nature of the unit 
of length is true with respect to the units of other quantities. 

The measurement of a physical quantity consists in comparing 
its magnitude, or eflfect, with the magnitude, or effect, of the 
arbitrarily chosen unit as the standard of comparison. The 
magnitude of the quantity measured is then expressed in 
terms of that imit, and the expression consists of two parts; a 
numerical part, and the part which names the unit with which it 
has been compared. Thus we may give the length of a wire as 
1000 feet or as 1000 meters. Merely the number 1000 will 
give no idea of the length, but the number must be followed by the 
name of the unit of measure. The numerical part will vary 
inversely with the size of the unit employed. . Thus a distance 
may be expressed as 1 mife, 1760 yards, or 5280 feet The dis- 
tance is the same in each instance, but as the size of the unit of 
measure decreases the numerical part of the expression increases. 

Systems of Units. — ^Fundamental concepts of physical quanti- 
ties are those of length, mo^a, and tims, and most physical quanti- 

37 
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ties may be expressed in terms of these. For this reason the 
units of length, mdss, and time are called fundamental units, and 
all other units which can be expressed in terms of these are called 
derived units. A system of units which consists of the fundamen- 
tal units and derived units based on these is called an absolute 
system. In the absolute system commonly used the fundamental 
units are the centimeter, the gram, and the second, and the system 
is for this reason called the c.g.s. system. The corresponding 
units in the English system are the /oo<, the pound, and the second. 

The gram is the Ho 00 P^rt of a mass of metal called the 
kilogram. It was intended that the gram should represent the 
mass of 1 cubic centimeter of distilled water at the temperature 
of 4°C. Although this is not quite correct, nevertheless, for all 
practical purposes we may regard the mass of 1 cubic centimeter 
of distilled water at 4°C. as equal to 1 gram. 

The second is defined as the 3^^6,400 P^rt of a mean solar day. 
By mean solar day is meant, the average time for a year between 
the successive passages of the sun across the meridian. The 
meter has already been defined. 

29. Derived Units. — Units of quantities depending on powers 
greater than imity of the fundamental imits of length, mass, and 
time, are called derived units. Thus the units for the measiu'e- 
ment of surface, volume, velocity, force, work, current, electromo- 
tive force, etc., can all be expressed in terms of the fundamental 
units, and are, therefore, derived units. The number of derived 
units is hmited solely by the number of physical quantities to be 
measured. In electrical measurements and calculations, with 
which we are at present concerned, two kinds of derived units 
are commonly used. These are absolute units and practical 
units. The absolute units are those based directly upon the 
three fundamental units. They can be expressed directly in 
terms of the fundamental units without any multiplying or 
conversion factors. 

The absolute units are, however, too small in some cases, and 
too large in others for convenient use, and hence, for practical 
calculations and measurements, certain multiples of the absolute 
units have been chosen and named. These are called practical 
units. These will be defined later. 

30. Magnetic and Electrical Units. — The absolute units em- 
ployed in electrical and magnetic measurements are based on two 
different fundamental assumptions. In one system the repulsive 
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force between two electrical charges is made the basis. This 
system is known as the electrostatic system of units. In the other 
the repulsion between two magnetic poles, or quantities of mag- 
netism, is taken as the basis. This is known as the electromag-' 
netie system of units. Most electrical measurements are made 
with the electromagnetic units. There are certain relations 
between these two systems of units the values of which have been 
determined by experiment. 

The fimdamental bases of both the electrostatic and electro- 
magnetic systems of units are force and work. The absolute 
unit of force the dyne is defined as that force which when applied 
to a gram mass will give it an acceleration of 1 centimeter per 
second. This is known as the absolute or c.g.s. unit of force. 
A pound force is approximately equal to 444,800 dynes. 

The abolute unit of work is the erg which is defined as the 
work spent or done by a force of 1 dyne acting through a distance 
of 1 centimeter. 

31. Electrostatic Units. — The more common electrostatic units 
are those of quantity of electricity, diflference of electrical poten- 
tial, and of capacity. 

(a) The Unit of Quantity, — The unit of quantity of electricity is 
that quantity which will exert a force of 1 dyne upon an equal 
and like quantity at a distance of 1 centimeter in air. . 

(6) The Unit Difference of Potential. — ^A unit diflference of elec- 
trical potential exists between two points when it requires an 
expenditure of 1 erg of work to bring a plus unit of electrical 
quantity from one point to the other point. 

(c) A unit capacitance is that electrical capacitance of a con- 
ductor which requires a charge of one electrostatic unit of quan- 
tity to produce a unit diflference of potential. These electro- 
static units have no names, and will be little used by the student. 
They are given here mainly for reference and comparison. 

32. Electromagnetic System of Units. — As already pointed out 
the electromagnetic units are based on the force exerted between 
two like magnetic poles. These units may be considered under 
two heads, magnetic and electrical. The magnetic units are those 
used in the measurement of magnetic quantities and the elec- 
trical units are those used in measuring electrical quantities. 

33. Electrical Units. — The electrical quantities for the meas- 
urement of which units are necessary are current, quantity of 
electricity or charge, electromotive force, resistance, power, 
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work, capacitance also called capacity, or permittance, and in-^ 
ductance. The units of power and work are discussed later. 

(a) The Unit of Current — Whenever a current of electricity 
flows through or along a wire, a magnetic field is built up around 
the wire. This magnetic field is capable of exerting a force upon 
a magnetic pole. The unit ciu*rent is defined in terms of the work 
spent in moving a unit magnetic pole around a current-carrying 
wire as follows: 

An absolute unit of current is that current which requires an 
expenditure of 47r ergs to carry a unit magnetic pole once around 
the current. 

Another definition which has already been given is the follow- 
ing: The absolute electromagnetic unit of current is that current 
which when flowing through a conductor bent into a circle of 1 
centimeter radius, exerts a force of 2tc dynes on a imit pole at 
the center of the circle of which the conductor is the circumfer- 
ence. The two definitions are equivalent. 

This unit of current is too large for practical purposes. It 
has no name but is sometimes called the abampere. The prefix ab 
is the first syllable of the word absolute. 

(d) The absolute unit of quantity is that quantity of electricity 
transferred by 1 abampere in 1 second. It is sometimes desig- 
nated the abcouhmb. This unit is also too large for practical 
purposes. 

(c) Difference of Electrical Potential or Electromotive Force. — 
A difference of electrical potential is said to exist between two 
points if, when the two points are joined by a conducting material, 
an electric current will flow between the points. Every electric 
generator is primarily a device for developing and maintaining 
a difference of potential or electromotive force. Electromotive 
force may then be considered as the real cause of an electric cur- 
rent. It may be produced or maintained in several different 
ways, only one of which is of interest at present and this has been 
explained in the previous chapter. The essential principle is 
that whenever a wire is moved across a magnetic field an electro- 
motive force is induced in the wire. One absolute unit of electro- 
motive force is induced in the wire when it cuts 1 magnetic line 
per second. This unit is the abvoU. It is entirely too small for 
practical calculations and measurements. 

(d) Th>e absolute unit of resistance is that resistance which 
requires an electromotive force of 1 abvolt to force 1 abampere 
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through the resistance. This is also a very small unit and for 
practical purposes another one is used. 

(e) The absoltUe unit of capaalance is the capacitance of a 
conductor whose potential will be raised one abvolt by a charge 
of one abcoulomb. 

{/) The absohUe unit of work b the erg. This has been de- 
fined in Art. 30. The absolute unit of power is the rate of do- 
ing 1 erg per second. 

(g) Inductance. — This is a property of the electric circuit 
that is of great importance in 
radiotelegraphy. The physical 
connection between the magnetic 
field surrounding the current- 
carrying wire and the electric 
current has been explained. It 
has been shown that when the 
lines of the electric field are in 
motion they develop lines of 
magnetic strain at right aisles. 
Again when there is relative 
motion between a conductor 
and a magnetic field, or when a 
magnetic field is suddenly built 
up wound a conductor, lines of 
electric strain are developed in a 
direction at right angles to the 
magnetic lines. The change in 

one condition is accompanied by '*^'* 

, , , , i r J.L i.L FiQ. 33. — Principle of induction ooiL 

the development of the other 

condition. The interaction between a magnetic field and an 

electric field is called electromagnetic induction. 

The soiu-ce of the magnetic field is immateri^. Whenever a 
circuit is closed so that a current can flow, the flow of current 
establishes a magnetic field around the conductor. This building 
up of the magnetic field has the same effect as if the conductor 
were moved across a magnetic field, that is, an electromotive 
force is developed in the conductor. The electromotive force 
induced by the building up or decay of the magnetic field within 
a coil, due to the variations of current in the same coil, is called 
electromotive force of 8elf-4nduction. 

When two coils are situated so that the magnetic flux developed 
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by a current in one coil threads through an adjacent coil, 
Fig. 33, an electromotive force is also induced in the adjacent 
coil by a variation of current in the first coil. The electro- 
motive force induced by such a process is called electromotive 
force of rmUwil-induction. The electromagnetic reaction be- 
tween two adjacent coils is called mutual-induction. The 
induciatice of a coil is the ratio between the fiux threading through 
a coil and the current producii^ it. If the flux is due to the 
current in the coil itself, this ratio is called self-inductance. If 
the flux is due to a current in an adjacent coil, the ratio is called 
mviiial4ndttctance. Self- and mutual-inductances are like 
physical quantities. Their magnitudes will depend upon the 
physical properties of the coils, such as number of turns, cross- 



Fta. 34.— Magnetic fidd in a coU. 

sectional area, and presence of magnetic material. This will be 
readily understood by the aid of Fig.M, which shows a magnetic 
field in one plane due to a current in a coil G. 

It is evident that each magnetic line through the center of 
the coil is linked with each turn; or what amonnts to the same 
thing, the lines due to each turn are linked with every other turn 
as well. If * is the flux due to one turn through the coU, 
and if ^ is the number of turns, the total flux is N<t>. This total 
flux is proport'onal to the current and hence we may write 

* = iV* = LI. 
The constant L is called the coefficient of self-induction, or simply 
the 6elf-inductance of the coil. Dividing by / we have 

L-j- 
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From this expression the self-inductance or coefficient of self- 
induction of a coil may be defined as the ratio of the flux thread- 
ing through the coil to the current producing it. 

Referring to Pig. 33, if current I a in circuit A produces a 
flux $B which tiireads through circuit B, then the relation may be 
expressed by 

^B = MI A 

and M = •— 

where M is the mutual-inductance of the coils. An absolute 
unit of inductance is that in which unit flux is produced by one ab^ 
ampere. This is a small imit and has no distinctive name. 

34. Electromotive Force of Self-induction. — If a current in 
a circuit varies, that is, increases or decreases, the magnetic field 
accompanying the current will increase with increasing current, 
and decrease with decreasing current. The variation in current 
is accompanied by a variation in flux. But it has been shown 
that when the magnetic flux around a conductor varies, an elec- 
tromotive force is induced in the conductor. It thus follows 
that a variation in the current in a circuit is accompanied by the 
development of an electromotive force in the same circuit. This 
electromotive force is called electromotive force of self-induction. 

The electromotive force of self-induction is determined by 
the time rate of change of flux in exactly the same way as when 
a conductor is moved across a magnetic field. 

Suppose a current /o is flowing in a circuit without iron and 
that it produces a flux $o in the same circuit. Then the relation 
between this flux and current is given by 

If now the current in time t changes to Ji, the flux will also change 
and may be represented by 4>i = LJi. The change in flux has 
been $i — $o = Lili — /o) and the rate of change of flux, if 
this change has been uniform, is given by 

t t 

But the rate of change of flux produces an e.m.f. which in ab- 

volts or absolute units is given by 

$1 - 4>o L(7i - Jo) 
e= _= ^ . 

Ii and lo must also be in absolute units. 
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This gives 

L{U - h ) 
' 1 

0. 

and h = 



/1-/0 



i 

The denominator of the right-hand member is the rate of change 
of current; the numerator is the electromotive force of self-induc- 
tion produced by this rate of change of current. This relation 
is the basis for another definition of the unit of self-inductance L. 

The unit of self-indiictance is defined as that inductance in 
which the induced electromotive force is one abvolt when the ciu*- 
rent changes at the rate of one abampere per second. The unit of 
mutual-inductance is exactly the same. 

In the foregoing discussion we have assumed the current to 
change at a uniform rate. This is merely for simplicity. The 
current seldom changes at a uniform rate but the principles are 
the same nevertheless. 

36. Practical Electrical Units.; — The absolute units defined in 
the preceding articles are not of a convenient magnitude to be 
used in practical measurement, and furthermore they are not 
readily determined. For these reasons multiples of these units 
have been chosen for engineering calculations and measurements. 
The practical units have also been defined in terms of certain 
definite concrete standards which can be reproduced with reason- 
able accuracy. 

36. Electric Current. — The transference of energy by water 
through pipes is in many ways analogous to the transference of 
energy by electricity, the terminology of the former method is, 
therefore, to some extent used in the latter. 

When water flows through pipes, the energy transferred by it 
in a given time depends upon the current and head, or pressiu'e. 
The current is the number of gallons or cubic feet of water flowing 
per second or some other unit of time. The current is then the 
rate of flow of water. 

Electrical energy may be transferred along a conductor, and 
while the energy is being transferred the conductor is surrounded 
by a magnetic field. The transfer of energy is said to be by 
means of a current of electricity. Thus, the rate of flow of 
electricity is also called a current. The two cases are evidently 
analogous. 



UNITS OF MEASUREMENT 45 

In measuring a water current it is possible to measure the 
quantity of water discharged during a given time, and thus the 
rate of flow. It is not practical to measure an electric current 
in this way. The electric ciu*rent is measured by means of its 
effect, and any effect which is proportional to some power of the 
current strength may be used for determining unit current, and 
hence, for measuring the current. The practical unit current has 
been defined in accordance with Faraday's first law. 

Practical Unit of Electric Current. — It is a well-known fact 
that when an electric current is passed through a solution of some 
chemical salt such as copper sulphate or silver nitrate the salt 
is decomposed. The relation between the weight of the metal de- 
posited and the electric current causing the decomposition was 
first determined by Faraday. He showed that the weight of the 
metal deposited was directly proportional to the current strength 
and time of current flow. The practical unit of current has been 
defined in accordance with this law as follows: 

The ampere is the unvarjdng electric current which, when 
passed through a standard solution of nitrate of silver in water, 
deposits silver at the rate of 0.00111800 gram per second. An 
ampere will thus deposit 4.025 grams of silver per hoiu*. 

The ampere is one-tenth of the absolute electromagnetic unit 
of ciu*rent. 

37. Practical Unit of Quantity.— The quantity of water flow- 
ing through any given pipe in a given time may be expressed as 
the strength of current multiplied by the time. That is, if a 
unit current gives a poimd of water per second, a two-unit current 
would give 2 pounds per second, or 4 pounds in 2 seconds 

Similarly, a unit current of electricity flowing for 1 second 
gives a definite quantity of electricity. This quantity is called 
the coulomb and is defined as the quantity of electricity conveyed 
by a current of 1 ampere in 1 second of time. The total quantity 
conveyed by a current of / amperes in t seconds is then given by 

Q= It, assuming I to be constant. 

A coulomb is also equal to 1/10 or 10"^ times the absolute electro- 
magnetic unit of quantity. 

38. Resistance. — Every electrical conductor offers a resistance 
to the flow of electricity. This resistance depends upon the 
material of which the conductor is made, the length of the con- 
ductor, and its cross-sectional area. The resistance of a con- 
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ductor is analogous to the resistance a water pipe offers to the 
flow of water. This resistance will depend upon the roughness 
of its surface, or upon the material of which it is made. A long 
pipe will offer more resistance than a short pipe of the same di- 
ameter, and a pipe of large diameter will offer less resistance than 
one of the same length but of smaller diameter. It must be 
remembered, however, that the cause of the resistance of a con- 
ductor to the flow of electrical current is not the same as the 
cause of the resistance of a water pipe to the flow of water. They 
are analogous only. 

The resistance of any conductor can then be written in the 

following form: 

rl 

where R is the total resistance, r the resistance of a piece of the 
conductor of unit length and of unit cross-section, A its cross- 
sectional area, and I its length. 

The ohm is the unit of resistance and is defined as the resist- 
ance offered to an unvarying electric current by a colunm of 
mercury at the temperature of melting ice, 14.4521 grams mass, 
of a constant cross-sectional area and of a length of 106.3 
centimeters. The ohm is equal to 10' = 1,000,000,000 times the 
absolute electromagnetic unit of resistance. 

The ohm is thus a definite quantity and the resistance of 

rl 
any conductor is expressed in terms of it. In the formula -B = t» 

I and A may be expressed in aiiy units, provided r expresses a 
resistance based on these units. The definition given for the ohm 
assumes I to be in centimeters and A in square centimeters. In 
this country the American wire gage (Brown and Sharpe) has 
been generally adopted where a gage is to be Used. In many 
cases it is better to specify the actual diameter or cross-sectional 
area of a wire, alid for this purpose the ''mil system" has been 
introduced. In this system the mil is the unit of length and is 
equal to 0.001 inch. 

Since the areas of any two circles are proportional to the squares 
of their diameters, if the area of a circle 1 mil in diameter be taken 
as the unit area, the area of any other circle may be expressed as 
the square of its diameter in mils. The unit area is called the 
circular mil and is, as above expressed, the area of a circle 0.001 
inch in diameter. Area in circular mils is equal to diameter in 



UNITS OF MEASUREMENT 47 

mils squared, and the area expressed in square measure is equal to 
0.7854 X cP. The circular mil is, therefore, equal to 0.7854 of a 
square mil. 

It is seldom necessary to convert the area of round conductors 
into square measure. The wire tables which are in common use 
usually give the sizes in the American wire gage (A.w.g.), its 
diameter in mils, its area in circular mils, and various other 
properties of wire depending on the completeness of the tables.^ 

Wires larger than No. 0000 A.w.g., that is, of a greater di- 
ameter than 0.46 inch, are usually designated by their diameters 
in mila or their cross-sectional area in circular mils. 

The unit of a conductor most commonly used is a conductor 
1 foot long and 1 mil in diameter called the mil-foot. The resist- 
ance of a mil-foot of copper of 98 per cent, conductivity is 9.61 
ohms at 0**C. or 32°F. This value may be used in our resistance 
formula which then becomes 

o 9.61? 

I being expressed in feet and A in circular mils. 

Examples 

1. What is the cross-sectional area of a wire }4 inch in diameter? 

Solution }i inch = 0.125 in. 

0.125 in. » 125 mils 

Area in circular mils equals diameter squared. 
Hence 

Area = 125 X 125 = 15,625 circular mils. 

2. What is the resistance of 500 feet of No. 20 A.W.G. copper wire at 
0** C? 

Solution. — By formula 

r = 9.61 
I - 500 ft. 
A ~S2XS2 = 1024 circular mils. 

Then R = ^-^^0..°°° = *-69 ohms. 
10^4 

39. The Practical Unit of Electromotive Force.— Since the 
resistance of a conductor is comparable to the resistance offered 
by a pipe to the flow of water, and the electrical current is com- 

* Circular No. 31, Bureau of Standards. 
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parable to the current of water, we may compare the electromo- 
tive force or electrical pressure to the water pressure causing a 
flow of water. Although this comparison is not exact, it still 
serves to give a better understanding of the relation of the elec- 
trical quantities involved. Water pressure can be measured in 
terms of pounds per square inch, but usually it is expressed as a 
head of so many feet. In the same way, the difference of elec- 
trical pressure between the terminals of a battery may be con- 
sidered as a difference of electrical level. The current will then 
flow from a point of higher to a point of lower electrical level, 
when the circuit is closed. This difference of electrical pressure 
or electromotive force, is expressed in volts, and the volt is de- 
fined as that difference of pressure which will cause a current of 
1 ampere to flow through a resistance of 1 ohm. More concretely 

the voU may be defined as i qi ^ooq of the electromotive force of 

the Weston normal cell at a temperature of 20°C. One volt is 
equal to 10® absolute units of electromotive force. 

40. Practical Unit of Inductance. — The practical unit of in- 
ductance is the henry. It is defined as the inductance in a circuit 
in which the induced electromotive force is 1 volt, when the cur- 
rent changes at the rate of 1 ampere per second. The henry is 
is equal to 10® absolute electromagnetic units. 

41. Practical Unit of Capacitance.^ — If two metal plates be 
separated by a good insulator and the two plates be connected to 
a source of electrical pressure, a momentary current will flow into 
the plates. The intensity of the current will depend upon the 
ability of the plates to hold a charge of electricity. This ability 
of a conductor, or a system of conductors, to store electricity is 
called electrical capacitance. The capacitance of a system of 
conductors is determined by their arrangement, number, and 
material separating them. The quantity of electricity that a 
condenser will hold is determined by the capacitance of the con- 
denser and by the electrical pressure applied. Algebraically 
this is expressed by 

Q = EC, 

where Q is the quantity of electricity, E the pressure, and C the 
capacitance. 

^ The term capacitance is sometimes used in the sense of capacity re- 
actance, here it is used in place of capacity to harmonize with resistance 
and inductance. 
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Farad. — The unit of capacitance is called the farad and is 
the capacitance of a condenser which is charged to a difference of 
pressure of 1 volt by 1 coulomb. 

The farad is equal to 10~® = i nno QQO QOQ ^^ *^® absolute 

electromagnetic unit of capacitance. But even the farad is far 
too large for ordinary use, and it is customary to express capaci- 
tance in terms of microfarads, a microfarad being (10""^) one- 
millionth of a farad. A microfarad is thus 10""^^ of the size of 
the absolute electromagnetic unit of capacitance. 

42. Ohm's Law. — The fundamental relation between current 
and electromotive force was enunciated by Dr. G. S. Ohm in 
1827, and is known as Ohm's law. It may be stated as follows: 

The current strength in any circuit is directly proportional 
to the sum of all the electromotive forces in the circuit. This 
relation expressed algebraically is 

E = KI, 

or 

E 

Y = K, B, constant. 

This holds for both direct- and alternating-current circuits so 
long as the physical conditions surrounding the circuit remain un- 
changed. For direct-current circuits K is equal to what is called 
the resistance of the circuit and under these conditions 

E = RI, 
or 

y = R. 

Thus the ratio of the electromotive force to current is constant 
so long as physical conditions remain constant. If, for instance, 
the temperature changes, this ratio will change. This is ex- 
plained by sa3dng that the resistance changes. 

On the alternating-current circuits the total electromotive 
force must include the electromotive forces of mutual induction, 
self-induction, and capacitance. When these are considered. 
Ohm's law as stated still holds. 

43. Change of Resistance with Temperature. — The resistance 
of most conductors changes with the temperature. The re- 
sistance of pure metallic conductors increases with increase in 
temperature. For pure meta,l§ the increase per ohm per degree 
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is practically the same for all. This increase per ohm per degree 
change in temperature is called temperature coeffiderU of resist- 
ance, and for copper it is nearly 0.00393 per ohm per degree at 
20**C. The resistance of a conductor at any temperature t^C. is 
given by the following: 

Rt =R2o[l + a(t - 20)]. 

/220 is the resistance of conductor in ohms at 20*^0., a the tem- 
perature coefficient, and t the temperature, in degrees Centigrade. 
The resistance of most allo3rs also increases with increase in 
temperature, but to a much smaller extent than pure metals. 
Thus an alloy of 84 parts by weight of copper, 12 parts by weight 
of nickel, and 4 parts by weight of manganese, called manganin, 
has a temperature coefficient of resistance which is negligible 
for practical purposes. Although the temperature coefficient of 
manganin is very slight, it is positive between 0° and about 

O o o 

/\ j «AAAA< s/WV sA/V\ \B 

I I 

^ /? ^ 

Fio. 35. — Resistances in series. 

50**C. When the temperature is increased above 60®C. the re- 
sistance of manganin slightly decreases. 

Carbon and all acid and salt solutions have negative tempera- 
ture coefficients of resistance. That is, the resistance of these 
decreases as the temperature increases. 

44. Conductors in Series. — When several conductors are con- 
nected in series, that is, end to end, the combined resistance is 
the sum of the resistance of the several conductors. Thus the 
resistance /2, Fig. 36, between the points A and B is equal to 

i2o "I" Ri "I" R^' 
46. Conductors in Parallel. — The conductance of a conductor 

is defined as the reciprocal of the resistance of the conductor. 
If B is the resistance then ^ is the conductance. When conduc- 
tors are connected in parallel, the resultant or joint conductance 
is equal to the sum of the conductances of the several conductors. 
The manner of computing the joint resistance will then be readily 
understood from Fig. 36. If fii, fiz; and R^ are the Several ro- 
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sistances connecting the points A and B, the conductances of 
these branches are -sr' d"' ^^d ^- respectively. Calling the joint 

resistance R, the joint conductance is p, and according to what 
has just been said above we have 

R Ri R% Rz- 

R^Rz "i~ R1R2 "I" RiRz 

RiRJRz 

, P R\R%Rz 

R\R% "i~ R\Rz "I" R2R3 

In general, the joint resistance of several conductors connected 
in parallel is equal to the product of the several resistances 
divided by the sum of the partial products formed by multi- 
plying together all of the resistances less one. The same re- 
sistance must not appear in any product more than once. 

Example 

Five resistances of 10, 15, 20, 25, and 30 ohms are connected in paralleL 
Calculate the joint resistance. 

Solution, — Given 

i2i = 10 ohms, 
i2s » 15 ohms, 
Rt » 20 ohms, 
Ri =s 25 ohms 
Ri — 30 ohms, 

RiRtRsRiRi 



R 



RiRtRiR* 4" RiRiRiRb -h RiRtR4R6 -h RiRiR^b + RtRiR^t 

RiRtRzRiRt « 10 X 15 X 20 X 25 X 30 = 2,250,000 

RiRJttRA = 10 X 15 X 20 X 25 = 75,000 

RiRtRzRt = 10 X 15 X 20 X 30 = 90,000 

RiRJtiRt = 10 X 15 X 25 X 30 = 112,500 

RiRJtatt = 10 X 20 X 25 X 30 = 150,000 

RiRzRiRi - 15 X 20 X 25 X 30 = 225,000 



Sum of partial products = 652,500 

P 2,250,000 ^^ , 
^ = "65^;500' " ^-^ ''^'^^' 

46. Divided Circuits — ^Kirchoff's Laws. — In addition to the 
simple series and parallel connections shown in Figs. 35 and 36, 
conductors may be connected in varioui^ and mugb more compU- 
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cated ways. The several electrical quantities involved in such a 
network can be evaluated by the aid of what are known as 
Kirchoflf's laws; these are two in number as follows: 

(a) If several conductors carrying currents of different in- 
tensities meet at a point, the sum of the intensities of all the 
currents which flow toward the junction point through these con- 
ductors is equal to the sum of all those which recede from it; 
or, in other words, the algebraic sum of all the currents which 
approach the point through the wires which meet there is zero. 

(6) If out of any network of wires which form a complex con- 
ductor a number of wires which form a closed circuit be chosen, 
and if starting at any point, we follow around the closed circuit in 
either direction, calling all currents positive which flow in the 



i-AAAAAAA 
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Fig. 36. — Resistances in parallel. 

direction that we trace the circuit, and all those which flow in 
the opposite direction negative; and also calling all sources of 
electromotive force positive that we encounter in the circuit 
positive when they tend to send the current in the direction of 
motion, and when they tend to send the current in the opposite 
direction negative, then the algebraic sum of all the products 
formed by multiplying the resistance of each conductor by the 
current flowing through it and all the electromotive forces en- 
coimtered is zero. In brief, the algebraic sum of the electro- 
motive forces and IR drops in a closed circuit is zero. 

These two laws are merely the statements of experimental 
facts. The first is an immediate consequence of the fact that 
there can be no growing accumulation of electricity anywhere 
in a circuit through which a steady current is flowing. 

That the second law is also true will be quite evident if we 
compare the voltage drops and rises in potential around a circuit 
^th the descQ^ts aAc} ascents in ^ ro^4 which trs^verse^ ^ country 
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making a complete circuit. It is very evident that a traveller 
following such a road will descend just as far as he ascends when 
he returns to the starting point. Thus if we call a descent a 
negative elevation and an ascent a positive elevation, the alge- 
braic sum of the elevations is zero. Examples will serve to make 
the applications of these two laws more clear. 



Example 

Fig. 37 shows a network of conductors connected to two sources of e.rni. 
A ^ 50 volts and B = 26 volts. If the resistances of the several branches 
are as follows: 

adeb — 50 ohms 
afgb » 10 ohms 

and achb « 6 ohms, find the currents in the several branches. 

SO Volts 

4' 'I " 




Fig. 37. — Kirchoff's laws. 



SolvJHon 
Let 

also let 



Ri ^ resistance of adeb, 
Ri » resistance of afgb, 
Rt = resistance of achb. 



ii — current in de, 
ij = current in fg, 
ii — current in eh. 

Then by Kirchofif's first law at point a, 

t'l — ii — is = 

According to the second law in the circuit adebgfa we have 

iiRi -h iiRi + 25 - 60 = 

and in the circuit dachbe we have 

iiRi + iiRz - 60 = 



(1) 



(2) 



(3) 
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Substituting the values of Riy Rtj and Rz in equations (2) and (S), we have 

50ii + lOi, = 25 

whence U — ek — - — 0.5 — %x 

ou 

and 50ii + 6*3 = 50 

whence 613 = 50 — oOti 

50 - 50ii 
i, = g 

Substituting in equation (1), we have 

• nr_L.- 50 - 50ii . 
%\ — 0.5 -h ii « = 

12ii -3-50 + 50ti = 

62ii = 53 
i\ = 0.855 ampere 
ij = 0.5 — ii 
= -0.355. 

The minus sign means that t's flows in the opposite direction to that indi- 
cated. 

50 - 50 X 0.885 - „, 
Is = ^ =* 1.21 amperes. 

47. Work. — Every one has some notion of the meaning of 
the word "work." We say that a man has worked hard when 
he has spent much mental effort in solving some problem. 
Likewise we say a hod-carrier works hard when he carries bricks 
or mortar from the ground to the top of a building. The two 
cases are, however, evidently not the same. The degree of 
fatigue resulting may be the same, but it is plainly not like in 
kind. There is no way of physically measuring the mental 
effort, while the measure of the physical effort of the hod-carrier 
is the niunber of bricks and the elevation to which he has carried 
them. In mechanics the meaning of work is restricted and has 
reference solely to physical quantities. 

In the second illustration there are two factors that cause the 
fatigue of the hod-carrier: one is the force he must exert to 
raise the bricks, and the other is the distance through which 
he carries them. The work done thus contains the two elements, 
force and distance. Work, therefore, is that which is ac- 
complished by a force acting through a distance and is "measured 
by the product of the intensity of the force and the distance 
through which the force acts. Algebraically this is expressed by 

Work, W = Fd cos a, 
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where a is the angle between the direction of motion and the 
direction of the force. F cos a is the component of the force 
in the direction of motion. If the body moves in the direction 
of the force, a = and we have 

W = Fd. 

It is worth noting that time does not enter into work. Work is 
merely the accumulated result, and the time required to 
accomplish it is not considered. 

48. Unit of Work. — In the English system of units, the unit 
of work is the foot-pound and is represented by the quantity 
of work done in raising a pound weight 1 foot against the force 
of gravity. In the metric system, the unit of work is called the 
erg and is the quantity of work done by a force of 1 dyne acting 
through a distance of 1 centimeter. The erg is a very small 
quantity and hence 10,000,000 (= 10^ ergs are taken as the 
practical unit. The practical unit is called the joule, and 
3,600,000 joules are equal to 1 kilowatt-hour. The kihwaUr 
hour is extensively used in electrical calcidations. 

49. Relation between English and Metric Units of Work. — 
The unit of force in the metric system is the dyne. The dyne 
has been defined. Art. 34. 

In the English system of imits the unit of force is the pound. 
It is the pull of gravity upon a pound mass. Thus a pound 
force is capable of giving an acceleration of 32.2 feet per second 
to a pound mass. 

As the pound mass =453.59 grams mass 

1 pound force = 32.2 X 30.48 X 453.59 dynes 

= 446,000 dynes, approximately 
1 foot-pound = 1 pound X 1 foot 

= 445,000 X 30.48 ergs 
= 13,563,600 ergs 
But 10,000,000 ergs = 1 joule 
Hence 1 foot-pound = 13,563,600 -J- 10^ = 1.356 joules. 

Examples 

1. The diameter of the cylinder of a steam engine is 24 inches. The pis- 
ton moves a distance of 24 inches at each stroke. What work in foot-pounds 
will be done at each stroke if the average steam pressure is 125 pounds per 
square inch? 
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Solution 

Work * Fd 

F ae total pressure on the piston 

= X X 12* X 125 
d « 24 -5- 12 = 2 feet 
Hence TF = 2 X x X 12« X 125 

= 113,098 foot-pounds. 

2. How many joules, and how many kilowatt-hours of work will be done 
at each stroke of the piston mentioned in Example 1? 

Solution 

1 foot-poimd = 1.356 joides 
Hence 113,098 foot-poimds = 113,098 X 1.356 

^ 153,361 joules 
1 kilowatt-hour = 3,600,000 joules 
Hence 153,361 joules = 153,361 -5- 3,600,000 

= 0.0426 kilowatt-hours. 

60. Energy. — Energy and work are closely related. When a 
body has been lifted to a certain height, a definite amount of 
work has been done upon it. This work in foot-pounds is equal 
to the product of the height in feet by weight in pounds. The 
body, when elevated, possesses something which it does not 
possess at a lower level. Again, water at the top of Niagara 
Falls is capable of doing work by being run through a water- 
wheel. When it leaves the waterwheel and enters the river 
at the bottom of the falls, it is no longer capable of doing work. 
That is, it has parted with its abiUty to do work in descending 
from the top to the bottom of the falls. The energy of a body 
or a system of bodies is its capacity for doing work. It is 
measured by the work which can be performed. 

Energy is classified under two heads potential and kinetic. 
The energy that a body possesses by virtue of its position is 
called potential. Thus, the water at the top of the falls is capable 
of doing work on descending to a lower level. It thus possesses 
energy of position. Similarly, a body lifted to a given height 
opssesses energy of position. If the body be dropped, the 
elevation will decrease, but its energy will not decrease until 
it strikes the earth and transfers its energy to some other body. 
When only a short distance, say 1 inch, from the lowest point in 
its fall, its energy of position is very small, and just before it 
strikes, the energy of position is practically zero. The velocity 
of the body is maximum or greatest at the time of striking, and 
zero at its highest point. The total energy of the body thus 
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consists of energy of position and energy of motion. The energy 
due to the velocity of the body is called kinetic. The simple 
pendulum will help make this clear. The simple pendulum at 
the extreme position of its swing, possesses energy due to its 
elevation. When released, this elevation decreases until the 
pendulum reaches the lowest point of its swing when its elevation 
is zero, but its velocity is a maximum. The potential energy 
has all been changed to kinetic. As the pendulum passes beyond 
the middle point of its swing, the velocity decreases, hence its 
kinetic energy decreases; the elevation of the pendulum increases 
and, therefore, the potential energy increases. This change 
continues until the pendulum reaches the other extremity of 
its swing, when the energy is again wholly potential. The simi 
total of the energy of the penduliun is constant at any point 
of the swing. That is, the sum of its kinetic and potential 
energy is a constant quantity. 

As already stated, the unit of energy is the same as the unit 
of work, and the energy of a body is equal to the amount of work 
expended upon the body. This is a simple statement of the 
fundamental principles of dynamics, viz., the principle of the con- 
servation of energy. Newton limited his laws to motion. In 
reality this third law may be considered as applying to energy 
as well. Thus, the statement "action is equal to reaction" 
is also true with reference to the expenditure of energy. No body 
is capable of doing work unless work is first done upon it. All 
machines act simply as means of transferring energy from one 
system to another system. The full appreciation of this princi- 
ple is of comparatively recent date. Perhaps the most important 
discovery in the realm of mechanics is the following: Tfie sum of 
kinetic and potential energies of a body or system of bodies is a 
constant guantity^ unless it be changed by som£ external influence. 
In other words, the energy of a system cannot be created or 
annihilated. No human being can create or destroy energy. A 
distinction must, however, be made between the total amount of 
energy of a body or system of bodies, and the amount of energy 
that the system is capable of transferring to another system. In 
all mechanical operations some energy is dissipated or wasted or 
becomes unavailable. For instance, a simple pendulimi released 
at the extreme position of its swing, will not of itself reach the 
same point on its return. This is due to the fact that some of its 
energy has been transferred to the air, and another portion has 
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been dissipated on account of the friction and stiffness of the 
string supporting it, etc. Similariy some of the energy delivered 
by a steam engine to an electric generator is wasted in friction of 
the air, at the bearings, brushes, etc. The law of the conserva- 
tion of energy is fimdamental in all energy transformations. 

61. Power. — In everyday usage, the word power has many 
different meanings. It is often confused with work. Power is 
not work, but the time rate of doing work. As an illustration 
suppose that one man carries 2000 bricks to the second story of a 
building in 1 day while it takes another man 2 days to do the 
same work. EvideQtly, the total amount of work done in the 
two cases is the same although the rate at which the work is done 
is different. The second man's rate of doing the work is only one- 
half that of the first man's rate. Technically, this is explained by 
sa3dng that the powers of the two men are different. The power 
of the first man is double that of the second man. Power is then 
the amount of work done in some unit of time. In engineering 
practice the imit of time is usually the minute or second. In 
algebraic symbols power is expressed by 

_, „ work W 

Power, P = T- — = "7" 
' time i 

^ F Xd ^ 

t 

p Xt = F X d = work. 

62. Units of Power. — In the British system of units, the imit of 
power is the rate of doing 33,000 foot-pounds of work in 1 minute. 
This unit is called the horsepower. In the metric system the cor- 
responding imit is the kUowaU. The kilowatt is the rate of doing 
1000 joules per second. One joule per second is called the watt. 

It has been shown that 1 foot-pound equals 1.356 joules; 
therefore, 33,000 foot-pounds equal 33,000 X 1.356 = 44,748 
joules, and, 1 horsepower equals 44,748 joules per minute. 
One kilowatt equals 60,000 joules per minute, hence 

44 748 
1 hp. = QQQQQ = 0.746 kilowatt 

= 746 watts. 

Approximately, 1 horsepower equals ^ kilowatt, or conversely 
1 kilowatt equals fi horsepower. A knowledge of these relations 
is useful and they should be remembered. 
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Examples 

!• How much energy is stored in a tank of water containing 1,000,000 
gallons if the average weight to which the water has been pumped is 100 feet? 

Solution, — One gallon of water weighs about 8.35 pounds. One million 
gallons weigh 1,000,000 X 8.35 ^ 8,350,000 pounds. To raise 8,350,000 
pounds of water 100 feet high will require an expenditure of energy of 
8,350,000 X 100 = 835,000,000 foot-pounds. This is the stored or potential 
energy of the water. 

2. What must be the horsepower of an engine to pmnp the water in 
Question 1, in 5 hours? 

Solution, — One horsepower — 33,000 foot-pounds per minute. In 1 hour 
an engine of 1 horsepower will perform 

33,000 X 60 = 1,980,000 foot-poimds. 

In 5 hours it will do 5 X 1,980,000 = 9,900,000 foot-pounds. To do 835,- 
000,000 foot-pounds will require 835,000,000 -s- 9,900,000 « 84 + horse- 
power. 

3. If an electric motor were used in place of the engine, what would its 
rating be in kilowatts (neglecting losses) ? 

SchUion, — One horsepower = 746 watts 

= 0.746 kilowatts. 
Hence 84 horsepower = 84 X 0.746 = 62.66 or 63 kilowatts. 

63. Electricity and Electrical Energy. — It is impossible at 
present to explain electricity in terms of anything more elemental 
than itself. We know electricity only through its manifestations 
or effects. It matters not, so far as practical results are con- 
cerned, whether electricity is a form of energy or only a vehicle 
of energy. The fact is that energy is always manifest in connec- 
tion with the electrical current, and that this energy can be 
transformed into other forms of energy. It may also be trans- 
ferred from point to point along a conductor without the 
necessity of mass motion. It is this ability to transfer energy 
without the motion of masses of matter that makes electricity 
the most successful medium for transforming energy over long 
distances. The transformation of electrical energy is electrical 
work and is accomplished in many ways. The rate of transfor- 
mation is power just as in the case of other forms of energy. 

64. Electrical Work. — The derivation of the principles of 
electrical work or energy will undoubtedly be better understood 
if analogies are used. The quantity of water flowing through 
any pipe in a given time may be expressed as the strength of 
current multiplied by the time. A unit current of water has no 
name. If a unit current gives a pound of water in 1 second, a 
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two-unit current will give 2 pounds of water per second or 10 
poimds in 5 seconds. 

Similarly, a unit current of electricity flowing for 1 second gives 
a definite quantity of electricity. This quantity is called the 
coulomb. The total quantity conveyed by a constant current 
of / amperes in t seconds is then given by Q = It Again, referring 
to the analogy of water flowing through pipes one may consider 
unit work to be done when 1 pound of water is delivered 
under a head of 1 foot. The amount of work done by a head 
of h feet, delivering q cubic foot of water will be hq. But elec- 
trical pressure is analogous to water pressure, or head; and the 
quantity of water is analogous to the quantity of electricity or 
coulombs. A current delivering Q coulombs of electricity 
under a pressure of E volts will then do EQ units of work. This 
may be expressed algebraically, thus: 

Work = j&(volts) X Q(coulombs) 
= EQ joules. 

The relations between volts, coulombs, and joules are such that 
the product of 1 volt by 1 coulomb gives 1 joule. It has been 
shown, however, that Q, the quantity, is equal to It, the current 
by the time. We may then write the expression for work thus: 

Work, W = Elt 

When E is in volts, / in amperes and t in seconds, the result is 
in joules. If Hs 1 second, we have 

W = EI joules per second. 

One joule per second is 1 watt, hence in direct-current calcula- 
tions, volts times amperes gives watts. In electrical work the 
joule is a small unit of energy so 1000 watts for 1 hour is usually 
used. This unit is called the kilowatt-hour. 

Examples 

1. What power is being developed by a direct-current generator when it 
is delivering 84 amperes under a pressure of 260 volts? 
Solution 

Power in watts = volts X amperes . 

= / X^ 
/ = 84 amperes 
E = 250 volts 
Hence P = 250 X 84 = 21,000 watts 

1000 watts = 1 kw. 
Then Pkw. ^ 21,000 -h 1000 = 21 kilowatts. 
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2. An electric heater takes 7.6 amperes at a pressure of 110 volts. How 
much will it cost to operate the heater for 1 month, 30 days, if it is operated 
on an average of 8 hours per day, at 5 cents per kilowatt-hour? 

Solution 

lEt 
Energy consumed = tkt^ kilowatt-hours 

/ = 7.6 amperes 
E = no volts 
< = 8 X 30 hours 

„ 7.5 X 110 X 8 X 30 ,.-,., .. , 
Hence energy u\f)() ^ kilowatt-hours. 

Cost = 198 X 0.05 - 19.90. 

3. A direct-current generator suppUes energy to a street railway motor. 
If the pressure at the generator is 550 volts and that at the motor 500 volts, 
what power is lost on the line when 75 amperes are flowing? 

Solution, — The loss in pressure is 50 volts, hence the power lost is 

75 X 50 = 3750 watts 

= 3.75 kilowatts. 

66. Heating Value of the Electric Current. — The power loss 
in a conductor is given by I^R, This is all converted into heat 
and the exact relation was first determined by James Prescott 
Joule, an English physicist. He did this by immersing a con- 
ductor of known resistance into a known weight of water and 
measuring the current, time, and temperature. The results of 
his experiments show that the heat generated in a conductor is 
proportional to the time the current flows, to the resistance, and 
to the square of the current. This condition maj'' be written in 
algebraic form as follows: ' 

Heat = KPRL 

This is evidently the energy loss in a conductor multiplied by a 
conversion factor K. This factor is introduced on accoimt of 
the fact that the unit for the measurement of heat is not the same 
as that for the measurement of electrical energy. The unit for 
heat measurement is the quantity of heat required to raise the 
temperature of 1 gram of water from 15° to 16°C., and is called a 
calorie. The calorie is equal to 4.181 joules. That is, the heat 
unit is 4.181 times the electrical imit. To convert joules to 

calories we must multiply the joules by tTqT ~ 0.24. This 

0.24 is the constant K which we can replace and get 

Heat, in calories, = 0.2^I^Rt, 
where / is in amperes, R in ohms, and t in seconds. 

8 
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The mechanical engineering unit of heat is called the British 
thermal unit, which is abbreviated to B.t.u. A B.t.u. is the 
heat required to change the temperature of 1 pound of water l^F. 
One B.t.u. = 252 calories. 

Example 

!• How many calories of heat per hour are developed in an electric heater 
which takes 7.6 amperes at 110 volts pressure? 
SclvMon 

Heat, in calories = 0.24/*/2< 

= 0.24^/< 



Hence, 



/ = 7.5 amperes 
^ = 110 volts 
t = 3600 seconds 
Heat = 0.24 X 7.5 X 110 X 3600 
= 712,800 calories. 



66. Conversion Factors. — ^Although it is not often necessary to 
convert the electrostatic units into the electromagnetic or prac- 
tical units, it is sometimes essential. Likewise many calculations 
are still made in the English system of units. To facilitate these 
calculations the following conversion factors are appended: 





Et.ectrical Units 




Practical units 


Absolute electromagnetic 
unitSj. 


Absolute electrostatic units 


1 ampere 


10~i abampere 
10~^ abcoulombs 
108 abvolts 
10® abohms 
10® abhenrys 
10-9 abfarads 
10^ ergs 
1 joule per second 


3 X 10® units 


1 coulomb 


3 X 10» units 


1 volt 


K X 10-2 units 


1 ohm 


yi X 10-11 units 

% X 10-" units 

9 X lO'i units 


1 henry 


1 farad 


1 joule 




1 watt 


10^ ergs per second 





CHAPTER V 
ELECTROMAGNETIC WAVES 

67. Cyclic Changes. — Physical quantites may vary in many 
different ways, thus the temperature of a body may be increased 
gradually or uniformly and after a certain temperature has 
been reached it may be decreased uniformly, finally reaching the 
original temperature. Again, if a closed rubber bag in which 
there is some gas be placed under the receiver of an air pump and 
the air in the receiver be exhausted, the volume of the rubber bag 
will gradually increase. If when the bag has reached a certain 
maximum volume, air be admitted to the receiver, the gas bag 
will shrink until it reaches its original volume. The volume of 
the gas in the bag goes through a cycle. 

The electric current in a circuit by Ohm's law is 

.7 = ^. 
R 

If R is fixed in value, and E is gradually increased, it is evident 
that / will increase in the same way. If E is increased from zero 
to a certain maximum value and then gradually decreased to zero, 
/ will increase to a maximum value and then decrease to zero. 
Thus a change in one quantity is accompanied by a change in 
:another quantity, and when one goes through a cycle of changes 
the other goes through a like cycle. To change the physical 
properties of a body through a cycle takes time, and in many 
instances the time variations of physical quantities are extremely 
important. 

One of the simplest changes with time is the variation in the 
position of a body, that is, motion. Many of the laws of motion 
apply when the variations with time of other quantities are con- 
sidered, hence some of the simpler motions will be considered. 

68. Electromagnetic Pulse. — In Art. 17 it was pointed out 
that the motion of the electric lines connecting the two branches 
of an electric circuit produces a magnetic field around the 
conductors. As long as the electric Unes move or disappear at a 

9 ^ 
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uniform rate, the magnetic field is constant in strength and fixed 
in space. If, however, the e.m.f. which produces the electric 
strain be connected to, and disconnected from the conductors at 
regular intervals, it is evident that both the electric strain and re- 
sulting magnetic field will undergo periodic changes. These peri- 
odic changes or fluctuations are in the ether. At the time the 
e.m.f. is first connected to the circuit there is no electric field nor 
magnetic field present, but the instant connection is made the 
electric lines begin to increase and move along the conductors, and 
as their number increases, which means as the current increases, 
the lines of magnetic flux increase in number and spread out in 
space. When the circuit is opened, the magnetic and electric 
fields both disappear. It is thus clear that successive interrup- 
tions of the circuit produce electric and magnetic pulses which 
spread in the ether. When these pulses are regular and periodic, 
they are called electromagnetic waves. Before studying their 
production and propagation, some general properties of waves 
will be considered. 

69. Waves in General. — In a general way every observer 
knows what is meant by a wave. Waves are of different kinds, 
but for our purpose we may define a wave as a disturbance in an 
elastic medium which is transferred by periodic variations in the 
physical conditions of the portions of the medium involved. 
Waves may exist in either one, two, or three dimensional space. 
That is, waves may be propagated along lines, surfaces, or solids. 

60, Production of Waves. — Fig. 38 represents a wave motion 
produced by the to and fro motion, or vibration of one end of a 
rope. As the hand moves up and down, waves are started which 
travel from the hand to the other end of the rope. When the 
wave reaches the end fastened to some fixed object it is reflected 
back to the hand. A distinction must be made between the 
motion of the rope and that of the wave. It is clear that the 
rope does not move from A to B and back again. Particles of 
the rope vibrate up and down only. That is, they have a trans- 
verse motion while the wave moves longitudinally, or from A to 
B. We have here a vibration of the rope at A causing a wave 
motion in the rope. 

A brief analysis will show that a similar periodic variation 
in the position of water particles takes place when waves are 
produced on the surface of a body of water. If the surface of a 
body of water is disturbed at any point by the sudden dropping 
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of a stone or the up and down motion of a stick dipping in the 
water, the water is displaced and rises above its normal level. 
As gravity pulls it down, its inertia carries it below the normal 
level and, hence, the adjacent water is displaced and rises above 
the normal level. This up and down motion of the water causes 
a wave to move out from the point of disturbance. 

The vibrations at the center of disturbance must be of such 
a nature as to produce in the medium a displacement or change 
which can be propagated by it. A slowly moving body will not 
produce a wave for the water will flow around it. In order 
that a wave may be produced, the vibration must be so rapid, 
or the motion so sudden, that the fluid does not have time to 
flow, and is, therefore, compressed on one side and expanded on 
the other. In order that a medium may carry waves, forces of 
restitution must be developed when parts of the medium are 
displaced. These forces are due to the interaction of the 




Fig. 38. — Wave motion in a rope. 

neighboring parts on each other. The action of the displaecd 
parts on those in contact with them displaces the latter also 
and so the waves are produced and propagated. 

The waves just described occur on the surface of the liquid; 
but any medium that is elastic can also carry waves through its 
interior, or can transfer energy by compressional waves, that 
is, waves sent out by a disturbance which compresses and expands 
the medium. A good example of this is sound. When a bell is 
struck, the sound produced can be heard in every direction from 
it. The vibrations of the bell are transmitted to the air in contact 
with the bell. These particles of air transfer their vibration to 
other particles and the sound travels out in ever-widening spheres. 
The bell vibrates back and forth in the direction of the wave 
motion, and not at right angles to it as in the other two cases. 

. In every case considered there is some vibrating body as the 
source of the wave, and some medium for its propagation. First, 
there is a disturbance at some point in a certain medium; 
second, this disturbance is transferrred to other points of the 
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medium. If these conditions as to the medium and the center of 
disturbance are satisfied, and if the motion at the center of 
disturbance is vibratory, the different portions of the surrounding 
medium will in turn be set in vibration or periodic disturbance. 
If the motion of the vibrating center ceases, that in the medium 
will persist until friction or other forces bring it to rest. It is 
very clear that at the center of disturbance energy is spent in 
causing the vibration and that at a distant point in the medium, 
when the wave reaches that point, this energy is manifest in the 
motion of the medium. The wave thus transfers energy from the 
center of disturbance to other points in the medimn. 

Although the common waves discussed are complex, the idea 
of a wave and the manner in which energy is transferred by wave 
motion are most readily acquired by their consideration, 

61. Graphical Representation of Wave Motion. — ^A simple 





Pig. 39. — Wave produced by a sand pendulum. 

way of showing the manner in which a vibratory motion produces 
a wave is indicated in Fig. 39. The funnel is filled with dry sand 
and the pendulum is set in vibration above a sheet of paper. 
While the pendulum is vibrating, the paper is drawn forward at 
a uniform speed, and at right angles to the direction of motion 
of the pendulum. The sand flows out of the funnel producing a 
wavy line. This wave is plainly the result of two motions at 
right angles to each other; one a uniform linear motion, that 
of the paper; and the other a vibratory motion, that of the 
pendulum. The former corresponds to the motion of the wave 
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through the medium and the latter to the vibratory motion of 
the parts of the medium. Since many properties of electric or 
magnetic quantities fluctuate or vary in a manner which may be 
represented by the curve, Fig. 39, its properties will be considered 
more fully. 

62. Periodic Motion. — ^A periodic motion is one that is repeated 
at successive equal intervals of time, that is, it is a cyclic phenome- 
non. This is the most common tyx)e of motion and is present 
in every machine that has movable parts. Thus the piston of ^ 
steam engine, the shuttle of a sewing machine, the motion of a 
flywheel each repeats itself at regular and equal intervals of time 
when the machine is operating at constant speed. The motion 
of the machine parts named is not always simple although it is 



,/v 



cmecrxjf^ of- motion or 




Fig. 40. — Graphical representation of the motion of a pendulum. 

periodic. The simplest periodic motions are those of the rim of 
the flywheel, and of a pendulum. The former is called uniform 
circular motion and the latter simple harmonic when the arc 
through which the pendulum swings is small in comparison with 
the length of the penduliun. There are certain relations between 
these two types of motions which we shall presently point out. 
A close attention to the motion of a pendulum will show that it 
moves with the greatest speed at the center of its swing, and 
that this speed gradually decreases toward either extreme 
position where it momentarily comes to rest. On its return 
the speed of the pendulum increases imtil the lowest point has 
been reached. The motion of a pendulum when the arc through 
which it moves is small in comparison with the length of the 
pendulum is called simple harmonic. When this motion is com- 
bined with a uniform motion at right angles to the plane in which 
the pendulum swings, we get the curve, Fig. 40, which is merely 
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an enlarged drawing of the curve produced by the sand, Pig. 39. 
From this curve certain properties of the motion of the pendu- 
lum, and hence of any physical phenomena which vary in the 
same way, may be deduced. Suppose the pendulum is swinging 
through upward, when A on* the movable sheet is on O, and 
suppose the paper to start moving at a uniform speed, «, toward 
the right at this time. After a definite interval of time the 
pendulum will reach .a position Pq which corresponds with the 
point Pi on the curve. If this interval of time be represented 
by t, then Ax = at. The distance xPi = OPo and represents 
the distance the vibrating particle in a medium producing wave 
motion is from its center of oscillation. It has reached this 
displacement at a varying speed while the wave has moved the 
distance Ax at a uniform speed. The point in the curve also 
shows in which direction the pendulum is moving. The point 
Pi on the ascending portion of the curve shows that the pendulum 
is moving away from upward, while the point P2 at the sam^ 
distance from DA, the horizontal axis, shows that the ^ndulum 
is returning toward from its extreme position. 

The shape of the curve shows plainly that the speed of the 
pendulum is not uniform but constantly changing. If the 
pendulum moved from to Af at a uniform speed, its path would 
be represented by the dashed line Ab and its return by bB. The 
greatest speed is plainly indicated at points where the curve 
crosses the axis, that is, at points A, B, C, etc., and the minimum 
speed at 6, d, etc. The rate at which the speed varies is a 
variable one and not easily deduced from the curve. 

63. Definitions. — ^In the further discussion of wave motion, 
some new terms will be used which it is necessary to define. 

Amplitude. — The maximum distance that the pendulum swings 
in one direction from is called the amplitude of vibration. In 
the wave this distance is represented by ab above and cd below 
the axis AD. 

Period. — The time required for the pendulum to make a com- 
plete vibration is called its period. With reference to the wave 
this is the time required to trace the wave from A to C, or B 
to D, or from any point such as Pi on the wave to the next point 
P3 on a corresponding part of the wave. 

Cyde. — ^A cycle with reference to the wave is a complete set 
of positive and negative values, one positive and one negative 
loop such as AbBdC, or BdCcD. 
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Freqicency. — By frequency is meant the number of vibrations 
the pendulum makes in one second. With reference to the wave 
by frequency is meant the number of cycles per second. 

The human ear is imable to detect sounds whose frequency is 
higher than 20,000 cycles per second. Electromagnetic wave 
frequencies below 20,000 are called audio-frequencies while 
higher frequencies are called radio-frequencies. 

Wave Length. — By wave length is meant the distance the wave 
advances in the medium in 1 second. 

The relations between these quantities can be expressed 
algebraically as follows: 

Let X = wave length 
T = period 
/ = frequency 

s = speed of wave in the medium = the distance the 
wave travels in 1 second, 

Then/ = ^ 
5 = X/ 

x = | = .r. 

Examples 

1. A pendulum makes 15 vibrations in 3 seconds, what is its period? 

SolvMon 

T = time of one vibration 
Hence 

T = :r?^ = ^ second. 
15 5 

2. A tuning fork makes 256 vibrations per second. If sound travels 332 
meters in 1 second, what is the wave length of the sound due to the tuning 
fork? 



Solution 



x-^. 



/ 

/ = 266 per second 

s = 332 meters per second 

332 
Then X = pr^ = 129.6 centimeters. 
256 

8. The wave length of sodium light is 0.00005896 cm. What is the fre- 
quency of vibration of the ether corresponding to this wave length if the 
speed of light is 3 X 10" cm. per second? 
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SolitUon 



f 



8 
X 

3 X 10^*^ 
6.896 X 10-* 

30 X 10" 



5.896 



= 6.1 X 10". 



4. The frequency of a radiotelegraph sending station is 60,000 cycles per 
second. What is the length of the electromagnetic wave assuming that it 
travels with the speed of light? 

Soltiiion 

^ 3 X 10^« 
50,000 

= 6 X 10* centimeters 
= 6 kilometers 
= 3.73 miles. 

64. Generation of Electromagnetic Waves. — The conditions 
that must be fulfilled in order that a wave may be produced in 
and propagated by a material medium have been mentioned in 
Art. 60. In an analogous way, or perhaps we may say, the same 
or similar conditions determine the production and propagation 
of waves in the ether. A vibratory disturbance must be produced, 
and the nature of this must be such as to produce a displacement 
in the ether, or a change which can be propagated by it. Since 
any disturbance in the ether travels with the speed of light, it 
follows that if waves are to be produced, the displacements at 
the center of disturbance must be very rapid. How the rapid 
vibration in the ether at a center of disturbance may be produced 
we shall consider later. Assuming that this can be done, let us 
now consider how an electromagnetic wave may result. 

In Figs. 5, 6, and 7, the electric charge is shown as having 
associated with it certain lines of strain in the ether. In Fig. 
41^ let A represent a charge with only two lines radiating from 
it. Suppose the charge be suddenly moved from A to B, owing 
to.the inertia of the ether the line cannot instantaneously move 
parallel to itself throughout its whole length, but the portions 
near the charge are displaced first, and the portions farther away 
will be displaced later. The sudden motion of the charge pro- 

* Minton, General Electric Review, Vol. 18, p. 389. 
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duces a bend or curve in the electric line which moves away from 
the charge just as the sudden movement of the end of the rope, 
Fig. 38, produces a bend which moves away from the hand. A 
motion of the charge in the direction of the line will not produce 
a bend in it, and hence no disturbance of the ether in that 
direction takes place. 

If we consider the effect of the motion of the charge on all 
of the lines radiating from it, we shall find that the greatest 
bends occur in those lines that are at right angles to the direction 
of motion of the charge. This will become clear if we consider 
A and B to be the initial and final positions of a charge which 
has been suddenly moved. When the charge is at A, Fig. 42, the 
electric lines radiate along straight lines. A sudden movement, as 
explained above, will cause a deflection or bend in the lines which 
will travel at a uniform speed along them, and hence after a 
small interval of time these bends or pulses will all be at the same 

o 




Fio. 41. — Motion of an electric charge producing a wave. 

distance from the charge. That is, the bends of the lines will 
be situated on the surface of a sphere whose center is the charge. 
Fig. 42 is the section of such a sphere by the plane of the paper. 
The maximmn deflection is found in the lines CA and AD, or 
those lines which are perpendicular to the direction of motion 
ABy of the charge. A backward motion of the charge from 
B to A will deflect or bend the electric lines in the other direction, 
Fig. 42, and these bends will travel outward in exactly the same 
way as the first. The distance between the pulses will be deter- 
mined by their speed and the period of vibration, or to and fro 
motion of the charge. 

In Chapter III it was shown that magnetic lines were developed 
when electric lines moved, and that the direction of the magnetic 
lines is at right angles to the electric lines and also at right angles 
to their direction of motion. Referring to Fig. 42, the arrow- 
heads show the direction of motion of the bends in the electric 
lines. The magnetic lines will, therefore, be perpendicular to 
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the plane of the paper. In accordance with the convention 
previously explained, when the charge moves from A to 5, the 
magnetic lines will extend downward or into the paper below 
the horizontal axis MNy and up or out of the paper above this 
axis. This is represented by © and O respectively. When the 
charge moves from B to Aj the direction of the magnetic lines 
is reversed. In Fig. 42 they are shown as penetrating the paper 
above the axis and emerging below the axis. 

It is thus clear how the vibration of an electric charge may 
produce electromagnetic pulses or waves which radiate in the 




Fig. 42. — Oscillating electric charges. 

ether from the source of disturbance just as waves in a material 
medium. It is also to be observed that the amplitude of these 
waves is greatest along a direction perpendicular to the direction 
of motion of the charge. 

To apprehend clearly the application of the foregoing to radio- 
telegraphy, let us consider a little more fully the electromagnetic 
condition of the ether in a plane perpendicular to the direction 
of motion of the electric charge, that is, in the plane CD, Fig. 42. 
Let Af Fig. 43, be a vibrating or oscillatory charge of electricity, 
and let its ampUtude of vibration be Aa, As the charge oscillates 
between a and a', loops or bends are made in the electric line. 
These loops are propagated in all directions in a plane perpen- 
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dicular to a4i' through A. The motion of these loops develops 
magnetic lines whose projections on the plane are circles around 
aa'. The dots represent the end on view of the magnetic lines 
and the circles show them in the reverse direction. When the 
charge moves from a to a' the direction of the magnetic lines 
viewed from a is clockwise. When the charge moves from a' 
toward a, the direction of the magnetic lines is reversed. 

As the charge oscillates, there is a train of waves along the 
lines of electric strain. This train of waves moves out radially 
from the line aa'. Mingled with these, and at right angles to 
them, are the circular lines of magnetic strain. These circular 
magnetic lines expand outwardly in much the same way as ripples 
on water expand when a stone is dropped into it. At any point 




Fia. 43. — Oscillating electric charge producing an electromagnetic wave. 

in space, not too near the oscillating charge, there is an alternat- 
ing electric strain parallel to the direction of oscillation, and an 
alternating magnetic strain at right angles to it and to the line 
of its propagation. These two strains are periodic and pulsate 
together, coming to their maximum values at the same instant 
at points not too near the wire. The result is the propagation 
of what is called an electromagnetic wave with a certain definite 
velocity. In free space this velocity is equal to that of light, 
namely, 3 X 10^® cm. = 186,000 miles per second. 

The wave length is the distance the disturbance or wave 
travels in the time required for the charge to make one oscillation. 
In Fig. 43 it is the distance represented by AB or AC. 

66. Electromagnetic Waves and Radiotelegraphy. — Reserving 
for future discussion the methods used to make an electric charge 
oscillate, let us now briefly consider the application of the theory 
of the preceding article to wireless or radiotelegraphy. In 
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Fig. 44, let ^ be a tall mast of conducting material insulated 
from the earth and Beparated by an air gap from s wire grounded 
through a plate E, and let the maat commonly called aerial 
or antenna be chained positively. While the charge is static, 
only electric lines extend from the charged aerial to the ground 
&B indicated in the figure. One end of each electric line is con- 
nected to the aerial while the other end ultimately reaches the 
earth although it may be at a great or infinite distance from the 
aerial. If the potential of the charged antenna is raised, or if 
the air gap is decreased, an electrical discharge will finally take 
place across the air gap. This discharge is oscillatory. That is, 



-w- 



Fio. 44. — Ad oecillatiDg charge in an aut«nna producing an etectromagnetio 

the chai^ does not jump the air gap from the aerial to earth 
only, but some of it returns. There is thus a series of discharges, 
first in one direction and then back again. The oscillations of 
the charge move the ends of the electric lines back and forth just 
as has been explained in connection with Fig. 43. This backward 
and forward movement of the electric lines produces magnetic 
lines and an electromagnetic wave is propagated into space. A 
graphical representation of the wave is shown in Fig. 44. It is 
interesting to observe that the wave is propagated through the 
lower layers of the ether. In other words, the wave follows the 
contour of the earth. 
While the foregoing is based on a mechanical conception of 
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the ether, and in some respects may be weak and incomplete, 
nevertheless it contains the essential facts of electromagnetic 
wave propagation, and will undoubtedly aid in giving the student 
a clearer notion of the manner in which energy is transferred 
through space by electromagnetic waves. The next question of 
importance is the consideration of practical methods of producing 
and detecting electromagnetic waves. ^ 

^Note. — The above theory is essentially that given by J. P. Minton, 
General Electric Review, Vol. 18, pp 387 and ff, and is based on the 
electron theory of electircity. The shape of the electromagnetic waves 
obtained by this theory is the same as that derived from Hertz's solution 
of the general equation of the electromagnetic field in the neighborhood of 
a small oscillator. 



CHAPTER VI 

ELEMENTARY ALTERNATIIfG CURRENTS 

66. Oscillatory Motion. — An oscillatory motion with which 
every one is familiar is that of the simpfe pendulum, some proper- 
ties of which have already been discussed. Other interesting 
properties of pspiUatory motion can be more readily derived 
from a consideration of uniform circular motion. Thus, in Fig. 
45 assume the point P to move around the circle at a uniform 
speed; that is, let it move so as to pass over equal arcs in equal 




Fig. 45. — Simple harmonic motion. 

intervals of time. From any position of P, such as Pi, draw a 
line perpendicular to YY'. Then, if PiAi moves parallel to 
itself as P moves from Pi to P2, Ai will move to A2; and when P 
moves from P2 to P3, the foot of the perpendicular will move 
from A 2 to A3. It is very evident that while the speed of P on 
the circumference of the circle is uniform, the speed of A, the • 
foot of the perpendicular, is variable. When P is at Po, the 

76 
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point A is at A and is moving parallel to P. At this instant 
the speeds of A and P are equal. The speed of A from -4o to 
Az decreases imtilat As it reverses its direction. When P is at 
P4, A is at A 4 on the downward path. When P is at Pe, A is at -4 a 
and is again moving parallel to the motion of P and at the same 
speed. A close inspection of the motion of A will show that at 
the center of the circle the speed of A is a maximum, and that 
as it passes the center moving in either direction, its speed de- 
creases until it reaches the extremity of the diameter along 
which it is moving, where its speed is zero. This, however, is 
the same as the motion of the pendulum previously considered; 
hence, by projecting the uniform motion of a point on the cir- 
cumference of a circle upon a diameter we have an oscillatory 
motion. The amplitude of the oscillation is the radius of the 
circle OP3. The period of the oscillation is the ' time required 
for the point P to move once around the circle, or the time re- 
quired for the point A to move from 4 to A3, from A3 to A g, 
and back to Ao. 

We wish to consider the properties of the motion of Ai In 
order to do this we transfer its motion to the circumference of the 
circle. As already pointed out, the physical properties of certain 
physical quantities and circuits vary in the same way as the 
motion of A. A knowledge, of the manner in which the motion 
of A varies is important. The motion of A is called simple 
harmonic. 

67. The Displacement of a Point in Simple Harmonic Motion. 
— The distance that the point A is from O at any instant of 
time is called its displacement. This will change with time, but 
it evidently depends upon the amplitude of vibration, i,e,, the 
radius of the circle, and the time. If at the instant that P 
passes through Po, Fig. 46, in a counter-clockwise direction we 
note the time <o, and if when P has reached Pi we again note the 
time, tiy then the interval of time required for P to pass from 
Po to Pi is ii — to. During this interval of time A has moved 
from to A, or OA is the displacement required. This is 
evidently equal to PiB which in turn equals OPi sin 6. Hence, 

OA = PiB = OPi sin 6, 
or OA = R sin 6y where R = OPi = the radius of the 

circle. Suppose that the speed of the point P is such that it will 
move from P© to P3 in 1 second. Then the arc PoPiPz on 
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a circle of unit radius is called the angular velocity and is usually- 
expressed by (j9. The angle B in radian measure is equal to the 
arc poPi, but 

« " 1 • 

Hence poPi = w (^i — fo)* 

or ^ = 0) {i\ — ^o). 

Substituting this in the expression for displacement which we 
may represent by y, we have 

OA = 2/ = B sin 0) (/i — fo), 

= B sin wf, where t ^ t\ — t^ 
r 




FiQ. 46. — Analysis of simple harmonic motion. 

This expression gives us the displacement at any time i after 
the point has passed the middle point of its oscillation in the 
upward or positive direction. We may transform this so as 
to get the displacement in terms of its frequency, time, and 
period thus: 

Let T = period of oscillation. 

Then T is the time required for the point P to move once around 

the circle, or to describe an arc equal to 2ir on the circle of radius 

2ir 
1. In 1 second the arc described will be -«^, and, as o) is the 

arc described in 1 second, then 

2Trt 



0) = 



whence 
and 



(Ot = 



= 27rft. 



y = iZ sin 2irft. 
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This is an important' result because the expressions for simple 
alternating current and electromotive force are exactly of the 
same form, namely, 

i = Itn sin 2ir ft. == /« sin (at 
and e = E^ sin 2x ft. = Em sin cot. 

In fact these two equations may be considered as defining an 
alternating current and an alternating electromotive force. 

Example 

1. A body oscillates through an amplitude of 4 centimeters at a frequency 
of 40 cycles per second. How far is it from the central point of its vibration 
and in which direction is it moving 0.01 and 0.05 second after its passage in 
the upward direction, Fig. 46? 

SoltUion 

The distance from the center is given by y = i2 sin 2irft. 

Data 

(a) / = 40. (6) / = 40 

t » 0.01 second t = 0.05 second 

R — 4: cm. R ^ 4 cm. 

(a) yi = 4 sin 2ir X 40 X 0.01 
= 4 sin O.Sir 

= 4 X 0.588 = 2.35 cm. downward. 
(6) yj = 4 sin 2ir X 40 X 0.05 
= 4 sin 4ir 

» 4 X = 0. The point has made two oscillations 
and is moving upward. 

68. Speed of a Body Having Simple Harmonic Motion. — 
It has been shown that the speed of an oscillating body is con- 
stantly changing. The speed at any given instant of time is 
thus an important and interesting property. Referring to Fig. 
46, if we draw a tangent at Pi such as PiY, the velocity of the 
point P at this instant is directed along PiF. The component 
of this velocity along OY is the speed of the point A. If V 
is the velocity of Pj, then the component of this velocity in the 
direction of OF is 

Va = V cos 

= V cos (at 

= V cos 2irft. 

When (at = 0, that is, when P is at P©, we have 

7^ = T^ cos = V. 

10 
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That is, the point A is moving with the same speed as the point P. 



When w< = H we have 



Va =Fcos| = 0. 



At this instant P is at P4 and is moving at right angles to OP4. 
Since V is the linear velocity of P we can express its value in 
terms of the amplitude and the period of vibration thus: 

Let C = circumference of circle 
T = period 
Then C = ^R 

C 2irR 
^ " T~ T ' 

= 2x//2 = (aRy 
for I = .. Substituting, we get 



2nrR 
T 

= (aR cos cot. 



Va = —?Fr COS 2ir ft. 



69. Rate of Change of Speed in Simple Harmonic Motion. — 

Since the speed of the point A, Figs. 45 and 46, is a variable 
quantity, it is of interest to determine the rate at which it 
changes with time. The time rate of change of a velocity is called 
an acceleration. A velocity is defined as the time rate of change 
of motioix in a specified direction. A velocity thus has two prop- 
erties, magnitude and direction. By magnitude of a velocity is 
meant the numerical value of the velocity; thus 60 miles per 
hour, 5 feet per second, 30 knots, etc., mean that the body if 
moving at a uniform velocity would move 60 miles in 1 hour, 
etc. There is no indication in which direction the body is moving. 
A velocity of 60 miles per hour north is different from a velocity 
of 60 miles per hour east, for in this case the direction in which 
the body is moving is specified. Either or both of these proper- 
ties of a velocity may change with time. If the magnitude 
changes, we have what is called linear acceleration, and if the 
direction of the velocity changes, we have centripetal accelera- 
tion. A good example of linear acceleration is the change in 
velocity of falling bodies^ or of a loQomQtive starting from rest Q^ 
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a straight track and increasing its speed to a given value such as 
40 miles per hour. 

In Fig. 46 the point P was assumed to move at a constant 
speed around the circumference of the circle. It is evident 
that when the point P is at Po it is moving in a vertical direction 
and that when it has reached Pi it is moving in the direction 
PiY which makes an angle 6 ^ <at with the vertical Une. That is, 
during the time t the direction of the velocity has changed through 
an angle d. The question is at what rate is this change of direc- 
tion taking place, for the change in speed or acceleration of the 
■point A is determined by the change in the direction of the 
velocity of the point P. Since it has been. assumed that the 
point P revolves at a uniform speed, it will change its direction 
by 2x in one revolution or in the time T. Hence, the rate at 

which it is changing its direction is nfr = w. The Unear velocity is 

equal to o)R. The rate of change of this velocity, or the accelera- 
tion toward the center, is equal to the product of its Unear 
velocity by the rate at which it is changing its direction, or 
centripetal acceleration = w X coR = oo^R. This is directed 
from Pi toward the center 0. The rate at which A is changing 
its velocity is the component of the centripetal acceleration, 
(a^R, in the direction AO. This . component is equal to ca^R 
sin (otj and is directed from A toward 0, while the point A is 
moving away from 0. If the direction from to A is considered 
positive, then the direction from A toward is negative and we 
may write 

acceleration of A = — ca^R sin cot. 
But OA = R sin (at, then 

acceleration of -4 = — w^ X OA. 

If we represent OA by y, the acceleration of point A may be 
written symboUcally -^ 7 / j may be considered a velocity, and 

the -4. T may symboUcally represent the acceleration of point A 

having simple harmonic motion. With this modification we 
may writ« 

A M^ = — cj^y for the acceleration, This is an important ex- 
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pression for if the acceleration of the rate of change of any- 
physical quantity with time is given by a similar expression, 
namely, 

A [f ] = - K^Q, 

we can at once conclude that the quantity oscillates and that 
its period of oscillation is 

This is obtained by analogy, for K^ corresponds to w*, and Qtoy. 

But (a — -m or 5P = — Hence the period of oscillation of 
T CO ' '^ 

the physical quantity represented by Q is 

^ " K 

• 

70. Alternating Current and Electromotive Force.— If a dry 

cell or a storage cell be connected to a coil of wire, the resulting 
current will remain at a constant fixed value as given by Ohm's 
law as long as E, the electromotive force, and R, the resistance, 
remain constant. If, however, an electromotive force whose 
value fluctuates with time be connected to a coil of a fixed 
resistance, the resulting current will at each instant be given 
by Ohm's law and hence will fluctuate as the e.m.f. In the ele- 
mentary theory of alternating currents it is always assumed 
that an alternating electromotive force may be represented by 

e = Etn sin wt, 

where e is the numerical value of the e.m.f. at any time t, and 
Em is the maximum value of the e.m.f ., w is equal to 2x times the 
frequency. This expression means that the e.m.f. applied 
to the two terminals of a circuit increases and decreases in time 
in exactly the same way as the displacement of a body moving 
with simple harmonic motion. If this e.m.f. is appUed to a 
circuit whose resistance is R, the resulting current is given by 



e Em 



sin <»>t 



R R 

or i = Im sin cjL 

If we collect in parallel columns the expressions for the displace- 
ment and the velocity of a body having simple harmonic motion, 
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and the expressions for alternating current and electromotive 
force we have: 



Harmonio motion 



Alternating currents. 



y 

Velocity 



» R sill <at. 



■[f] 



(aR COS <at. 



Acceleration » A 



I ^ I = — «*-B sin (at 



e ~ Em sin ut. 

i =^ Im sin oiU 

Rate of change of e and i with time. 

s CJ^tn cos wt 



~ CJ^m COS (i>^ 



Acceleration of the rate of change of 
e and i. 

A I T = — (o^Em sin «t 

=* — w*c. 

A r = — «*/m sin (at 

— — «*t. 



71. Phase DilSerence. — It is very evident that if two points 
some distance apart are moving at a uniform speed around the 
circumference of a circle, Fig. 47, then 
ill and A 2 are each moving with simple 
harmonic motion, but there is an in- 
terval of time between their passage 
through in the same direction. For 
instance if -4.2 is on 0, A i is below and 
some time must elapse before A i reaches 
0. By phase difference is meant this 
interval of time that elapses between the 
passage of two points in the same 
direction across any point in their 
path. This interval of time plainly determines the angle P2OP1 
= 6, for if 0) is the angular velocity, this interval of time is 

evidently ^1 = — which is constant as long as the speeds of Pi 

and P2 are constant and equal. If the displacement OA2 is repre- 
sented by 2/ = B sin cat, 

then OAi = j/i = iZ sin (w^ — ^) 

= R{8in((at — (ah)) 
= R sin (a(t — ^1). 




Fig. 47. — Phase difiFerence. 
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The phase diflference may be considered as the angle d or as the 
interval of time, ^i. When dealing with alternating currents 
and electromotive forces, there may likewise be an interval of 
time between their maximum values. For instance if the e.m.f . is 
given by 

e = JS^m sin tat 
the current i may be i = /« sin co(f— fi) 

or i = /« sin («f — w^i) 

= /«sin ((ai—e)) 
or we may have 

i ^ Itn sin <a(t + ti) 

= Itn sin {(at + B). 

The current given by the expression i = /« sin w(^ — ^i) is said to 
be a lagging current because it will not reach a maximum value 
until ti seconds after the e.m.f. to which it is due has passed 
through its maximum value. 

The current given by i = /« sin (a{i + t^ is said to lead or to 
be a leading current because it reaches its maximum value before 
the e.m.f. to which it is due. It must be remembered that the 
current in a circuit does not lead or lag by an angle, but that the 
phase difference is an interval of time, which is usually expressed 
as an angle or fractional part of the period. 

72. Phase Relation Between the E.m.f. and Current in 
an Inductive Circuit. — ^Let an alternating current of the form 



G 



/« /- SiN cut 



Fig. 48. — Inductive circuit. 

i = I^ sin (A be flowing in a circuit of pure inductance. Fig. 48. It 
is desired to determine the fluctuations and phase relation of this 
current with reference to the e.m.f. causing it. It has been shown 
that a current-carrying conductor is surrounded by a magnetic 
field, and that where the magnetic field changes in intensity an 
e.m.f. is induced in the conductor. The induced e.m.f. depends 
upon the constant of the circuit known as the inductance, Art. 
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33, and the rate at which the current changes. It has been shown 
that the rate at which the current changes is (aim cos (ot, and hence 
the induced counter e.m.f. is given by 

6c = Loilm cos (at. 

This induced e.m.f. is at each instant opposed to the applied 
e.m.f., but the current is given by 

i = /m sin (at 
T 



= Im sin ~7Rt 



and counter-pressure €c = Lw/m cos -^t. 

When ^ = 0, i = /« sin = 0, 

and Ce = L<alm cos = L(alm a maximum. 

When ^ = ^» I = Ifn sm -^ • ^ 

= /« sin ^ = IfnSL maximum, 

and ec = Ltalm cos "^ t ~ ^• 

Hence, i and e© differ by one-quarter period. That is, Cc passes 
through its maximum value one-quarter of a period behind i. 
But Be is always opposed and equal to the applied e.m.f. Hence, 
the appUed e.m.f. leads the counter e.m.f. by one-half a period, 
and the current by one-quarter period. The expressions for 

these quantities may be written : 

T 

Applied e.m.f., €« = E^ sin (a{t + -r) 

= Em sin {(at + 2). 

Resulting current, i = /« sin (at. 

T 
E.m.f. of self-inductance, Ce = (aLIm sin (a{t — -^) 

= Em sin {(at — 2). 

The important fact to remember is that in an inductive circuit 
without resistance the current lags one-quarter of a period behind 
the e.m.f. causing it. 
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73. Mechanical Analogy. — ^Tbe effect of self-induction in 
preventing the sudden increase or decrease of a current may be 
considered as analogous to the action of the inertia of the flyivheel 
of an engine. When the steam is first admitted to the cylinder, 
the speed of the flywheel increases gradually. Even if the throttle 
or steam pipe were fully opened, the speed of the flywheel would 
not jump suddenly from standstill to full speed. 

While the speed of the flywheel is increasing, the flywheel is 
pushing against the pressure of the steam, and the energy of the 
steam is being transferred to the flywheel. Only by reacting 
against the steam pressure can this energy be transferred. This 
reaction prevents a sudden increase in the speed. 

When the flywheel has acquired full speed, and the speed has 
become constant, a pressure only sufficient to overcome friction 
is necessary, and no more energy is being absorbed or taken up 
by the wheel. 

If the steam be shut off suddenly, the engine will not come to 
an instantaneous stop, but the energy that has been stored in the 
flywheel wiU keep it running in the same direction for some 
time. The motion will continue until all of the energy stored in 
the flyivheel has been returned to the driving mechanism of the 
engine and dissipated as heat. 

Although the flywheel is not assumed to oscillate, and hence, 
the period does not enter, nevertheless it is evident that the speed 
of the flywheel reaches a maximum value later than the applied 
pressure. If the pressure applied be considered as analogous to 
the electromotive force appUed to an inductive circuit, then the 
speed of the flywheel is analogous to the electric current in the 
cirruit. The pressure required to accelerate the flyivheel is 
a maximum at the beginning when the speed is zero and it is a 
minimum when the speed is a maximum. In an inductive circuit 
the e.m.f. necessary to increase the current is a maximum when the 
current is a minimum and a minimum when the current is a 
maximum. This, however, is true also of two simple harmonic 
motions one-quarter of a period out of phase. 

74. Clock and Wave Diagrams. — The relations explained in 
Art. 72 may be more clearly apprehended if shown graphically. 
Thus in Fig. 49, if OEa, OEe, and 0/« be rotated together counter- 
clockwise at a uniform speed, the projections of Ea, Eey and /« 
on OF will each move along OY with simple harmonic motion, 
and Oca = OEa sin cat. But if OEa represents the maximum 
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applied e.m.f., then Oca = the instantaneous e.m.f., and we may 
write 

Ca = Earn sin (»)L 



Similariy 



and 



i = In, sin \a>t - I j 

= /« sin « (^ - 4 ) > 

ee = Ecm sin (wf — v) 

= JS?ci» sin ^w< - 2") * 



6a is the instantaneous applied e.m.f. which is assumed to vary 
in time just as the displacement in simple harmonic motion, i is 




Fig. 49. — Clock and wave diagram for inductive circuit. 

the resulting instantaneous current, and ee is the instantaneous 
counter-pressure of self-inductance; that is, 6e is the pressure in- 
duced by the variations in the current L If the horizontal axis 
AD be divided, and if each division represents some interval of 
time, i.e», some fraction of a second, then the value of 6o, i, and «« 
at any instant aie represented by the distances from the hori- 
zontal axis to the corresponding curve at that particular instant. 
Thus, let 1 second be the time required for OEa to make one rota- 
tion, that is, let the period of oscillation of Co, i, and Ce be 1 sec- 
ond. The AD on the horizontal scale will be 1 second, AC 
will represent J'^ second, and AB, J^ second. If T is the period. 



AB ==:^yAC = ^y and AD = T. 



If at on the horizontal axis 



corresponding to any interval of time AO =^ t, a vertical Une 
be drawn, then the distances from to the curves represent 
the values of Ca, i, and Ce at that instant of time. The diagram 
shows that the curve representing the fluctuations of current 
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crosses the axis in an upward direction -j seconds later than the 

curve for the applied e.m.f . The counter-pressure is a maximum 
where the current changes at the greatest rate, that is, when the 
current is crossing the axis. As the pressure of self-inductance 
opposes the applied pressure, it is drawn below the axis, and as 
we have assumed the circuit to be a pure inductance, the counter- 
pressure must at each instant equal the impressed pressure. In 
the clock diagram to the left, the phase difference between the 

applied pressure and current is the angle £^oO/« = «» and the phase 

difference between the appUed pressure and counter-pressure is 
the angle EaOEc = ir. In the sine wave diagram the phase 
difference between current and appUed pressure is the distance 

T 

AB = j^y and the phase differences between applied and counter- 

T 
pressure is the distance AC =lw» 

76. Phase Relation of £.m.f . and Ctirrent in a Circuit Con- 
taining Resistance and Inductance. — In the preceding article 
an ideal case was assumed. No circuit is entirely free of resist- 





f^J / - Zr, tSW CVt 



FiQ. 50. — Circuit containing resistance and inductance. 

ance, hence the practical problem is to determine the phase rela- 
tion between current and appUed e.m.f. when the circuit contains 
both resistance and inductance. Fig. 50. As before, let us assume 
that a current of the form i = Im sin a)t is circulating in the circuit. 
According to Ohm's law this current causes a pressure drop 
Cr = ImR sin <at. This may be considered as a pressure directly 
opposed to the flow of current and fluctuating with it. With 
reference to the current this iR drop is half a period out of phase, 
and a component of the applied pressure in phase with the current 
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4 

is neces3ary to compensate for cr. Then, as has just been shown, 
there will be developed a pressure of self-inductance which is 
equal to Bl = (aim cos wi. This lags one-quarter of a period 
behind the current. The appUed e.m.f. must contain a compo- 
nent to compensate for this e.m.f. of self-inductance. Hence, 
the total appUed e.m.f. must numerically at each instant be equal . 
to the sum of Cr and Cl and oppositely directed. That is, it 
must be one-half period out of phase with the sum of €« and Cl. 
In Fig. 51 the alternating current is shown by the heavy wave. 
The opposing resistance drop Cr is shown by the Hghter line' 
wave, and the counter-pressure of self-inductance is shown 
by the dashed wave. The wave marked €« is at each instant 
numerically equal to the sum of Cr and 6l, and as it is oppositely 




Fig. 51. 

directed, it contains the necessary components for compensating 
for Br and bl and is the necessary appUed e.m.f. It . will be 
observed that curve €« does not lead the current by one-quarter 
of a period, but only by the interval of time represented by 
CD or FG. 

Referring to the clock diagram to the left, the maximimi value 
of the applied e.m.f. must equal the vector sum of El and Er 
and be oppositely directed. It is represented by OEa which is 
ahead of the current by the angle 0, 

76. Impedance of a Circuit. — The influence of the inductance, 
frequency, resistance, and capacitance of a circuit in determining 
the current and its phase is called the impedance of the circuit. 
It is thus necessary to be able to calculate the value of the impe- 
dance and also the phase angle 6 as indicated above. The influ- 
ence of capacity will be considered later. In this article we 
shall consider the impedance due to resistance, inductance, and 
frequency. 
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The component of the applied e.m.f. necessary to compensate 

for the resistance drop iaeu — iR = InJt sin (at. The maximum 

T 
value of this is when < = j-, or when e« = ImR- The component 

of the applied e.m.f. necessary to compensate for the pressure 

of self-inductance is 6l = Lco/m cos (at, and its maximum value 

T 
is bl = (tilJL. This leads the current by -r. Referring to the 

clock diagram, I^R is in phase with the current and Lco/m is h 

or 90® ahead of the current. The relation between these two 
quantities, when the phase difference is expressed as an angle, 
is the same as two sides of a right-angled triangle. In Fig. 52, 




o/Z./ 



^ 



Fig. 52. — Vector diagram for an inductive circuit. 

if Olm represents the magnitude and phase position of /«, then 
OB represents Rim and BC represents coL/m. 



But 



OC = V OB^ '+BC^ 

= /rnVfl" + «'L2 = Em. 



Dividing by 



/« = 



Em 



we get 



This is an expression for current in the form given by Ohm's law, 

E . 

namely, /= p. The denominator vfi^+«*i'^ is called the 

impedance of the circuit. It is evident that the impedance 
contains two terms, R the resistance and wL the inductive react- 
ance. The reactance depends upon w and L. But cu = 2ir/, 
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hence w varies with the frequency /, and the reactance varies 
with the frequency and inductance. 

The phase difference between the impressed e.m.f. and the 
resulting current, when expressed as an angle, is equal to the 

angle COB. The tangent of angle COB is -ht^ = -p' 

Hence, tan 6 = ^. 

When u), L, and R are known, the phase difference can be calcu- 
lated by the aid of the above relation. 

If it is desired to express the phase difference as an interval of 
time, this can readily be done, for it has been shown that $ » (ati^ 
where h is the time interval desired. 

Examples 

1. An alternating electromotive force of 1500 maximmn volts and of a 
frequency of 1000 cycles per second is impressed upon a circuit of 100 ohms 
resistance and 0.004 henry inductance. What is the impedance and what 
is the current? 

SoltUion 

The impedance Z « VBhFw*!*' 

Data 

R ^ 100 ohms 

0, = 2ir/ = 2ir X 1000 

L = 0.004 henry = 4 X 10-» henrys. 

Then Z = ViOO* + 4t« X 4« - VlO^ 

= 103.1 ohms. 

E 
The maximum current is given by /«» =* . "* == 

1500 , . _ 
~ 7no~f — 14-5 amperes. 

2. What is the phase difference between current and impressed pressure 
of Problem 1? 



SoltUion 



tan B = -=r- 
R 



Data 

A » 100 ohms 

« = 2t/ = 2ir X 1000 

if = 0.004 henry. 
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Then 





t&aS s 


0.004 X 2ir X 1000 
100 






» 


0.2514 








e = 


140 7'^ 






tl 


9 radians 


0.247 
2ir X 1000 


= 3.9 X 10- 


■»sec. 



or 

3. What is the impedance of a circuit of negligible resistance and of 0.0002 
henry inductance at a frequency of 1,000,000 cycles per second? 

SoltUion 

Z = VR^ + «* L*. 

When R is small in comparison with coL, it may be omitted and we have 

z « V^HJ 

Data 

/ = 10» 
L = 2 X 10-* 
X = 3.1416 

Z - 2t X 10« X 2 X 10-* 
= 628 ohms. 

77. Analogy for a Condenser. — A better understanding of the 
action of a condenser may be had by considering an analogy. 
Suppose we have an air tank that under 1 atmospheric pressure 
holds a certain definite quantity of air, say 5 pounds. We can 
define the capacity of the vessel in terms of the number of pounds 
of air it holds, and call it a 5-pound tank. 

If the pressure is doubled, the tank will hold 10 pounds of air. 
Since we have defined the capacity of the tank in terms of unit 
— 1 atmosphere — pressure, we cannot call it a 10-pound tank. 
A 10-pound tank under the same conditions will hold 20 pounds 
of air. 

Furthermore, if the tank be exhausted, evidently no back pres- 
sure will be exerted when air is first admitted to the tank. As 
soon as some air is admitted to the tank, back pressure begins 
to manifest itself, and when the back pressure equals the maximum 
applied pressure, no more air enters the tank. We thus see 
that the amount of air entering per unit of time depends upon 
the back pressure, and this back pressure will depend upon the 
capacity of the tank. For instance, if we put 5 pounds of air in a 
10-pound tank, the back pressure will be one-half as great as when 
6 pounds of air are put into a 5-pound t^nk, We pan then say 
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that the unit capacity of a tank is such that when 1 pound of air 
is forced into it the pressure will be equal to 1 atmosphere. 
Evidently a certain amount of work will be done in forcing the 
air into the tank, and we could define unit capacity in terms of 
the work expended. 

The capacitance of electrical conductors is analogous to the 
capacity of the air tank discussed above. The capacitance 
of a condenser or system of conductors is usually defined in 
terms of the quantity of electricity required to raise the difference 
of pressure between the terminals 1 volt. In accordance with 
this definition the quantity of electricity that a condenser 
will contain is equal to the product of the capacitance and 
pressure. 

78. Action of a Condenser. — If a condenser has one of its 
plates connected to each side of a battery circuit, it will become 
charged; that is, a quantity of electricity will. flow into the con- 
denser due to the battery pressure, and one plate will become 
positively and the other negatively charged. After a condenser 
has been connected to a direct-current circuit for a short time, 
there will be no flow of current to or from the condenser since 
the condenser becomes fully charged almost instantaneously, 
and when charged, the difference in pressure between its plates 
is the same as that of the battery or other source of charging 
current. If the pressure in the circuit be decreased or reversed, 
the charge will flow out of the condenser and back through the 
circuit. 

When an alternating pressure is impressed upon a condenser, 
the action is somewhat different. As the pressure increases 
from zero to a maximum, a current flows into the condenser, 
one side becoming chaiged positively and the other side nega- 
tively. The current flows as long as the pressure is changing, 
and the back pressure of the condenser is always just equal to 
the applied pressure. When the applied pressure begins to 
decrease, the current begins to flow out of the condenser. When 
the applied pressure is reversed, the current flows into the con- 
denser in the opposite direction. This continues until the 
applied pressure again attains a maximum value, when the cur- 
rent is reversed. These fluctuations of current continue as 
long as the applied pressure fluctuates or changes. An alter- 
nating current may thus flow in a circuit containing a condenser. 
ThQ exaqt value pf such a current will depend upon the applied 
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e.m.f.y the frequency, the capacitance, and the resistance of the 
circuit. The algebraic expression for a current in a circuit 
having capacitance and resistance is 



4 



R* + 



(2rfcy 

where 

E = applied e.m.f. 
R = resistance in ohms 
/ = frequency of the applied e.m.f. 
T = 3.1416 
and C = capacity in farads. 

The derivation of this expression is given later. 

Examples 

1. A pressure of 110 volts at 60 cycles is impressed upon a circuit whose 
resistance is 5 ohms and capacity H microfarad, what is the current? 



SoltUion 




Given 






^ = 110 volts 




R — 5 ohms 




/ = 60 




C ^yiX 10-« farads. 


To find/ 





/. "» 



V 



5« + 



(2t X 60 X K X 10-«)« 
110 



1101 
\/25 + (7955) « 
110 110 



\/(7955)« 7955 

as 25 is negligible in comparison with (7955)* » 0.013 ampere. 

2. Suppose that in Problem 1 the frequency were increased to 600, what 
would the current be then? 

Solution 

The solution is exactly the same as the foregoing, except for / we 0ub- 
istitute 600. The equation for cufyent become? 
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110 
*\/26 + (795.6) « 

*s TQft " 0-13 ampere, nearly. 

This shows that when the resistance is small, the current in- 
creases or varies directly as the frequency as long as the pres- 
sure remains constant. Both the voice currents and ringing 
currents in a wire telephone are of high enough frequency to give 
an appreciable cmrent through a condenser. The frequencies of 
voice currents range between 100 and 2600 cycles per second 
in ordinary telephonic communication. 

79. Current in a Circuit Containing Capacitance, — Condensers 
are of great importance in radiotelegraphy. Some elementary 
principles have already been given. We shall now examine the 




r\j)6 



3 



Fig. 53. — Circuit containing capacitance. 

phase relation between a current in a circuit containing a con- 
denser and the e.m.f . causing it as well as the value of the current. 
Let Fig. 53 represent a circuit consisting of a high frequency 
generator, G, and a condenser of capacitance of C farads. Since 
the difference of potential across a condenser is determined by 
the capacitance and charge, if e expresses the difference of 
potential, q the charge, and C the capacitance, then by definition 

q = eC 

We will assume that $ is a fluctuating quantity, increasing and 
decreasing in exactly the same way as the displacement in simple 
harmonic motion, that is, 

q = Q BiXKat 

The rate at which q changes is I - = «Q cos (at as has been shown. 

But the rate at which g, the charge, is changing is the current; 

hence, 
11 



d6 
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but 
benoe 

and 



i = uQ cos id 
i = Im cos <jA 

e = — 

(a 



Substituting -^ for Q in tbe expreasdon for q, we have 



But 



or 



o = — sin ci». 
(a 

eC = q, 
6e= TY = ^smarfis the expres- 



sion for the difference of potential across the condenser when a 
current i = /«» cos (at is circulating through it. The difference 
of potential as expressed above 



e. = 



C<a 



sin (at is the counter- 



pressure, as it is due to the charge g. As is evident from the 
preceding discussion, the current given by i =■ /» cos (ot lags 





/ 
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Fig. 54. — Sine wave diagram for a circuit containing capacitance. 

one-quarter of a period behind ec. The applied pressure which 
compensates for the counter-pressure must at each instant 
equal and oppose the counter-pressure; hence, the appUed 
pressure must lag one-half period behind the counter-pressure, 
and one-quarter of a period behind the current. This phase 
relation is shown in Fig. 54. The fact that a condenser takes 
a leading current is of great practical importance as will be shown 
later. 
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80. Current in a Circuit Containing Resistance and Capaci- 
tance. — When the circuit contains capacitance only, the current 
leads the pressure by one-quarter period. If resistance is also 
present, the applied pressure must contain a component to 




Fig. 55. — Sine wave diagram for circuit containing resistance and 

capacitance. 

compensate for the iR drop. This component will be in phase 
with the current. These phase relations are shown in Fig. 55 
where i is the current curve; iR is the e.m.f. required to compen- 
sate for the resistance drop, or e.m.f. consumed in the resistance; 
and Ce is the component of e.m.f. necessary to compensate for 
the counter-pressure of the condenser. The sum of these two 
components is curve e, the necessary applied pressure. 

It is evident that these relations are the same as when a current 
flows in a circuit containing resistance and inductance, with the 




\AAAAi 



Fio. 56. — Circuit containing resistance and capacitance. 

difference that the current leads instead of lags the applied elec- 
tromotive force. 

81. Relation Between Maximum Current and Pressure in a 
Circuit Containing Capacitance. — If the pressure applied to a 
circuit containing resistance and capacitance. Fig. 56, is given by 



ds 
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e = Em sin (at 

then the current is given by 

t = I,, sin {<at + 6) 
== /« sin (a{t + <i), 

where $ » ati, is the angle by which the current leads the pressure. 
The e.m.f. consumed in the resistance is iR = InJi sin cj{t + fi). 
This component of the applied e.m.f . is in phase with the current 
and its maximum value is Er = ImR* 

The component required to compensate for the counter-pres- 
sure of the capacitance is 

This component lags one-quarter of a period behind the current 
and its maximum value is -B© = -p. These two components 
are out of phase by one-quarter of a period which is the equiva- 



fee = ^ cos 



Lt?c 




Fig. 57. — Vector diagram for a circuit containing resistance and 

capacitance. 



lent of a right angle when the phase difference is expressed as an 
angle. This again is the relation between the sides of a right- 
angled triangle, Fig. 57. The resistance component of the 
applied e.m.f. is represented by OB = 7»iZ, and the capacitance 

component is represented by OC = -^ which is drawn from B 

toward C. The maximum applied e.m.f. is then represented 



by 



OC "E 



m 



-4 



U*B + 



m 



2 



<a 



%m 
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fi. = /. (yJR* + (^) 



2 



E 



m 



and 7« = L^ . / 1 \ 2 






tan d = 



«C «Cft 



This is again an expression for current in the form of Ohm's law. 
The denominator, ^R^ + f — ^J , is called the impedance ; ii is the 

resistance; and -j^ is the capacitance reactance. 

Examples 

1. An alternating e.m.f. of 1000 volts maximum is impressed upon a cir- 
cuit containing a condenser of 2 microfarads and a resistance of 100 ohms. 
What is the maximum current, 

(a) When the frequency ia 60 cycles? 

(6) When the frequency is 1000 cycles? 

Solution 

Data 
E^ = 1000 volts 
R ^ 100 ohms 
« = 2x X 60 = 377 
C = 2 X 10-* farads. 

1000 



Then J^ = 



V^«»'+ (377x2x10- )' 



1000 



V 



10^ 
100« + 



4 X 377« 
1000 



100 Vl + 176.2 
= 0.75 ampere, about. 



(&) In this case the conditions are the same except the change in fre- 
quency, hence, 



100 
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/« = 



1000 



V 



100« + 
1000 



10i« 



(6.28) « X 4 X 1000« 



V 



100« + 
100 



10* 
158 
100 



V 



1 + 



100 
158 



7.82 amperes. 



This shows that the current in a circuit containing capacitance increases 
with the frequency. 
2. What is the angle of lead in cases (a) and (h) of Example 1? 



Solution 
(a) 



tan e 



Then 



fa SB 

R « 
tan $ = 



<oCR' 

Data 
2ir X60 
2 X 10-« farads 
100 ohms. 

1 



2ir X 60 X 2 X 10-« X 100 
10» 



and 





tan e 



-. . -^ 13.26 
75.4 

85° 41', nearly. 



2ir X 1000 X 2 X 10-« X 100 
10« 10 



e 



4ir X 10* 12.566 

0.796 

38** 32', nearly. 



82. Current in a Circuit Containing Resistance! Inductance, 
and Capacitance. — The important circuit in radiotelegraphy. is 
one containing resistance, inductance, and capacitance. Let such 
a circuit be represented by Fig. 58. When an alternating e.m.f. 
is impressed upon such a circuit it must contain three compo- 
nents: one to compensate for the resistance drop iR; another to 
compensate for the inductive-reactance, «Li; and a third to 

compensate for the condenser reactance, —p^' The maximum 



values of these components are /»iZ, coL/m, and 



cot 



<aLIm 



• • 



.J •• •» 



> • 



• * 



• • • •• 
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leads In^R by a right angle and —j^ lags Infi by a right angle. The 
phase relations are then expressed by Fig. 59 where OB = /«ft, 

Im Im 

BD = «L7, and BC = —p^* It is evident that as coL/m and -7^ 



AAA/VW 



© 



i 



Fig. 58. — A circuit containing resistance, inductance and capacitance. 

are in opposition, they have a tendency to neutralize each other. 
A smaller e.m.f. is thus necessary to send a certain current 
through a circuit containing an inductance and capacitance 
in series than through the same circuit when only one is present. 




T^yf 



^m 



m 
coC 



Fio. 59. — 



Vector diagram for a circuit containing resistance, inductance and 

capacitance. 

The resultant reactance pressure is the diiBference between 

Im 1 
ijiLlm and —^. ThisresultantisrepresentedbyBE' = coL/« ^, 

Fig. 59. The maximum appUed e.m.f. necessary to send current 
/m through the circuit is £« = OE. 
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O^ = VOB* + B^* 
or E^ = ^(7»B„)«+ («L/«-^)* 



JS? 



m 



which is a more general expression for the maximum current 
through a series circuit containing resistance, inductance, and 

capacitance. The quantity a/b* + ( wL -^) ^^ called the 

impedance of the circuit. It is evident that if «L = -^ > the im- 
pedance is ^t/R^ = R. The reactance «L — -ty depends upon 
the frequency, and in order that the reactance may be zero, 
wL TV must equal 0. 

or «L = —pi. 

0)0 



Then «- = 



and w = 



1 



y/LC 
But 0) = 2x/. 

Then / = "^ 



27rVXC- 

83. Effective and Average Values of Alternating Current 
and Pressure. — Since an alternating current or pressure has been 
defined as one whose intensity or value varies with time, as the 
displacement in simple harmonic motion, it follows that the 
expression, an alternating current of 10 amperes, is meaningless 
unless we define what is meant by an alternating-current ampere. 
As an electric current heats a conductor through which it passes, 
an alternating-current ampere is defined in terms of its relative 
heating effect as compared with the heating effect of a direct 
current. It has been shown that the rate at which the energy 
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of a direct current is converted into heat by the resistance 
of a conductor is — Heat = PR joules per second — ^where / is 
in amperes and R in ohms. If an alternating current be passed 
through the same resistance, its energy will also be converted 
into heat, but at a variable rate. We have defined the simple 
alternating current by the equation 

i = /m sin wt. 

At any instant the rate at which heat is developed in the resist- 
ance R will be i^B = Rlm^ sin^ <at. An alternating-current 
ampere is such a value of the alternating current as will develop 
the heat at the same rate in a given resistance as a direct-current 
ampere. Thus, if we represent an alternating current by /a.c. 
amperes and a direct current by /d.o. amperes, /a.c. is said to equal 
/d.c. when /a.o. R = Id.o. R' But it was shown above that at any 
instant the heat developed by an alternating current is given 
by I»^ R sin^ cot. The rate at which the heat is developed is 
the average of this expression per second. Hence, 

/a.c.^ R = average Rlm^ sin^ <at 
and /a.c. = /m\/averagesin^o)< ' 

It can be shown that the average of sin^wt — 3^^; hence, 

L 

That is, a steady current whose value is 0.707 times the maximum 
value of the alternating current will develop the same amount of 
heat in a given resistance as the alternating current. This is 
known as the effective or root mean sguare value of the alternating 
current and is the value usually used in alternating-current cal- 
culations. 

Example 
An alternating current is given by the expression 

i — 50 sin <o^. 

What are the maximum and effective values of the current? 

SolvJtion 



I..0. = ^ = 0.707/„. 





i as /^ sin o»t 


and 


hjj - 0.707/^. 


Evidently 


7« = 50 


and 


/•// « 0.707 X 50 « 35.36 amperes. 



12 
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The effective value of an alternating electromotive force is likewise defined 
as equal to 0.707 times the maximum value. Alternating-current ammeters 
and voltmeters indicate effective values. 

The average value of an alternating current or pressure is the 

average for one cycle of the expression /« sin coL It can be shown 

2 

that the average of sin«< is - = 0.636; hence, the average 

alternating current is given by 

lav = 0.636/«. 
Likewise' Eav = 0.636£?m. 

Hereafter the symbols / and E will be used to represent effective 
current and electromotive force respectively. 

In a preceding article it was shown that the maximum current 
in a circuit is given by 



/« = 



Em 



Since the effective current is equal to O.Z07/« and the effective 
pressure equals 0.707E',n, we have 

Z. = 0.707/« = '-^^ 

_E 
" Z' 

where / and E are effective values and Z is the impedance of 
the circuit. 

84. Influence of Frequency upon Impedance. — The impedance 
Z = '\JR^ + («L - — j^) of a circuit varies with the frequency, 

for «L increases with the frequency and-yv varies inversely 

with the frequency. This, however, is not the whole effect of 
frequency upon impedance. The resistance of metalUc conduc- 
tors for alternating currents of relatively high frequencies is 
also dependent upon the frequency. In the case of alternating 
currents the current density is not uniform over the entire cross- 
section of the conductor, but there is a concentration of current 
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near the surface. This is known as *'skin effect." The result 
is the same as if the cross-section of the conductor were reduced. 
This reduction in the active crossnsection of the conductor 
results in an increase in its resistance. If Ro is the resistance 
obtained by direct-current measurements, then the resistance 
of copper wires to alternating currents of very high frequencies 
is given approximately by 

R = 0.0381 iJodv7, 

where d is the diameter of the wire in centimeters and / is the 
frequency. If d, the diameter, is measured in mils, the formula 
reduces to 

R = 9.68 X 10-^ RodVf' 

This formula applies only when the frequency is very high. 
That is, 9.68 X I0~^d\/f must be larger than unity, of the order 
10 or more. 

Example 

The direct-current resistance of a certain length of No. 20 copper wire is 
10 ohms. What is the alternating-current resistance when the frequency- 
is 600,000 cycles per second? 

Solution 

12 = 0.0381 Rody/f- 

Data 

Ro — 10 ohms 
d = 0.08118 centimeter 
/ = 500,000. 

Then 

R = 0.0381 X 10 X 0.08118 X \/500,000 
= 0.0381 X 10 X 0.08118 X 707.1 
= 21.86 ohms. 
The increase is 118.6 per cent. 

It is very evident from the above formula that the increase 
in resistance, due to high frequencies, is greater in large than in 
small conductors. Hence, to reduce the skin effect stranded wire 
may be used. The individual strands must be insulated and 
braided so that each strand is on the surface for the same portion 
of its length. 

Since the effect of high frequencies is to concentrate the 
current in the surface layers of the conductor, the self-inductance, 
L, of the wire will likewise be affected . In general, the inductance 
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of wires and coils is reduced with increase in frequency. At 
high frequencies the inductance of straight wires is reduced by 

I X 10"® 
approximately ^ henrys, where I = length of wire in centi- 
meters. The expression for the decrease in the inductance of 
coils with frequency is much more complicated.^ 

1 Coflan, Bull. Bureau of Standards, Vol. 2, p. 275. 



CHAPTER VII 

OSCILLATORY CIRCUITS 

85. Condenser Discharge. — When two plates separated by a 
dielectric are connected to a battery or to any other source of 
e.m.f. a quantity of electricity will flow into them. When the 
difference of potential between the plates equals the applied 
e.m.f. no more electricity flows into the condenser and it is 
said to be cbai^d. If now the source of e.ni.f. be disconnected, 
t^e charge remains in the condenser, one plate being charged 

cf & C 



Via. 60. — Principle of condanBer discharBe. 

positively and the other negatively. The dielectric between 
the two plates is strained electrically. Such a condition is 
represented in Fig. 60. If, when the condenser is chai^^, 
the two knobs a and h are gradually pushed toward each other 
by the insulated handle C, a Hmiting distance will be reached 
at which a spark will pass between them. This distance varies 
with the difference of potential between the plates. The greater 
this is the longer the air gap between the knobs across which the 
spark will jump. The discbarge of the condenser is so rapid 
107 
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that it appears to consist of one spark only. 
If, however, the spark is viewed as projected 
I on a screen, by means of a revolving mirror, 
! it will be seen to consist of a series of dis- 
tinct sparks first from a to &, and then from h 
\ to a, etc., Fig. 61. The dischai^e of a con- 
denser across an air gap is thus shown to be 
oscillatory. That is, the current flows from 
one side of the condenser into the other side, 
and back again. Before equilibrium is finally 
attained all of the energy of the chai^ must 
be dissipated as heat, and hence the dischai^ 
oscillates. 

A condenser can be made to discharge in 
only one direction if the two plates be con- 
nected by a high resistance such as a wet 
thread. When this is done the dischai^ is 
much slower, and the enei^ is dissipated 
more slowly. 

It is thus evident that a condenser may be 
used to produce the oscillatory discharge 
which is the necessary condition for pro- 
ducing electromagnetic waves. In fact two 
similar condensers were first used for the 
production and detection of electromagnetic 
waves. These waves were first investigated 
by Joseph Henry in 1842. The condenser is 
a necessary piece of apparatus in all systems 
of radio-telegraphy. 

86, Mechanical Analogy for Discharge of 
Condenser. — When a condenser is charged, 
the dielectric between the plates is strained. 
This is analogous to the strained condition of 
a spring when compressed or extended beyond 
its point of equihbrium 0, Fig. 62. Such a 
spring when released will swing past the point 
to fc and then back again nearly to a. 
Neglecting the resistance offered by the air, 
the spring will oscillate until all of the energy 
™^nw ''''Qui'^'^ ill extending it is spent in molecular 
friction of the spring. If the spring be very 
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elastic but of small mass, the oscillations will be y^ry rapid. 
The : discharge of a condenser is a process by which the potential 
energy of the charge is dissipated gradually in heat. A very 
small part of this energy is spent in the dielectric while the 
major portion is dissipated in the air gap. The behavior of the 
spring and the behavior of the condenser are plainly analogous. 

87. Energy of a Charged Condenser. — The analogy of the 
spring will aid in determining the energy spent in -charging a 
condenser. Suppose the spring, Fig. 62, is stretched from to a^ 
a distance d, and that the force required to hold the spring at 
a 18 F, According to Hooke's law, this ■ i ^ 
force is proportional to the distance the - 
spring has been stretched, namely, Oa = d,. 
We may then write F = Kd. The force 
F evidently varies uniformly from zero to 
F and hence the average force is ^^F = ^^^ . ^ 
}^iKd. The work done by a force }iF * ^ 
acting through a distance d is W = }'iFd 
= }^iKd^. Hence, the potential energy 
of the stretched spring is }iFd, or HiCd^. 

It has been shown that the work done in 
moving an electric charge Q from one point ^^Ade^^lSSgf 
in space to another point is equal to the 
product of the charge by the difference of potential between the 
two points. The difference of potential between the plates of the 
condenser is proportional to the charge. Hence, in charging the 
condenser the difference of potential increases from zero to the 
maximum which we may represent by Em* The average differ- 
ence of potential is M-E^, and if Q is the charge the energy spent 
in charging it must -he ^iQEm* But Q = CEm, where C is the 
capacitance. Substituting for Q, we have 

Energy of condenser = j^^CEm'^. 

Q 

Or since Ein = 79, another expression for the energy of a charged 
condenser is }^i jt' 

88. Condensers in Series and in Parallel. — In practice it may 
sometimes be necessary to connect more than one condenser to 
a circuit, and when this is done the joint capacitance must be 
known. Suppose condensers are connected as indicated in Fig. 



no 
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63, and that the difiference of potential between a and & is J^ volts. 
If Ci, d, and Cs are the capacitances of the several condensers 
what is their joint capacitance and what is the charge? 



Then 



Let C = joint capacitance. 
Q=^CE 



is the charge taken from the battery B. But if +Q units flow 
in at a, then — Q units are attracted at C, etc. That is, each 
condenser holds Q units of electricity. The difference of poten- 
tial between* ac is Fi = 7r» that between dciaVt ^ tt^ and that 




P-hJ 



between / and 6 is F« = ^* 



FiQ. 63. — Condensers in series. 



Q 



Then 



or 



Cancelling Q 



whence 



C C\ c% c% 

1 .l + l + J., 

C ' Ci Ci Ct 

c . 



C\C%C\ 



C\C% + CiC% + CfPt 



That is, the joint capacitance is equal to the product of the 
several capacitances divided by the sum of the products obtained 
by multiplying together all of the capacitances less one. 

Examples 

1. Four condensers of 0.2, 0.4, 0.3, and 0.6 microfarads are connected in 
series. What is the combined capacitance? 



SolyJtUm 



CiCiCtd 



CiCtCt + CiCtC4 + CiC,C4 + CtCtd 
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Then 





Data 




c, 


« 0.2 microfarad 




c, 


s 0.4 microfarad 




c, 


s 0.3 microfarad 




Ci 


« 0.6 microfarad 




CiCiCzCa 


= 0.2 X 0.4 X 0.3 X 0.6 


« 0.0144 


CiCjCi 


= 0.2 X 0.4 X 0.3 


» 0.024 


CiCid 


- 0.2 X 0.4 X 0.6 


« 0.048 


CiCiCa 


« 0.2 X 0.3 X 0.6 


» 0.036 


C^tCA 


- 0.4 X 0.3 X 0.6 


- 0.072 




0.180 


C — ' ,^ «■ 0.08 microfarad. 


^ 



0.18 



It is thus evident that when condensers are connected in series the result- 
ing capacitance is less than that of the smallest condenser. 

2. A pressure of 500 volts is applied to two condensers of 5 and 10 micro- 
farads connected in series. What is the charge on the condensers? 



SdiitUm 



and 



Then 



Q 
C 



E ' 

C, - 

C - 



CE 

Ci + C, 

Data 

500 volts 

6 X 10-« farads 

10 X 10-« farads. 

5 X 10-' X 10 X 10-* 

6 X l0-« -f 10 X 10-« 
60 X 10-« 



15 



3.33 X 10-« farads. 



CE 



3.33 X 10-« X 600 
16.65 X 10-* coulombs. 



Condensers may be connected in parallel as shown in Fig. 64. 
When this method of connection is employed it is evident that 
the potential difference between a and d equals that between b 
and c, etc., or that the condensers are charged to the same 
difference of potential. Let 

Qi = charge on Ci 
Qi = charge on Ct 
Q$ = charge on C« 

^J = E, or Qi = CiE 
-^ ^ E^Q% = CJS 



Then 
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and 



^r ^ EyQz = CzE. 



If the joint capacity is C and the total charge is Q, then 

Q = CE also. 

But Q = Qi + Q2 + Qa. ) 

Hence CE -- CiE + C^E + CzE 

and C = Ci + Ci + Cz. 

This shows that when several condensers are connected in 
parallel the joint capacitance is the sum of the capacitances of 
the individual condensers. 




■ "» 1 *■ 



I f 



r-ii- 



and 



f-) 



FiQ. 64. — Condensers in, parallel. 

Example 

Three cohdenaers whose capacitances are 0.5, 0.33| and ^ microfarads' are 
connected in parallel across a 110-volt d.-c. circuit. What is the charge? r 

Solution 

C = Ci + C, + c, 

Q ^^ EC. . 

Data - 

Ci =0.5 microfarad 
C% = 0.33 microfarad 
Ci = 3 microfarads 
E = 110. '! 

C - (0:5 +0.33 + 3)I0-« = 3^83 X 10-« ^ 

farads '' 

Q = 110 X 3;83 X 10-« = 4.213 X 10"* 

coulombs.::^ 



Then 
and 
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89. Energy stored in Magnetic Field. — In Art. 33 it was shown 
that ^ = LI, where ^ is the total flux threading through a cir- 
cuit and I is the current producing it. The e.m.f . of self-induc- 
tion is T = -J" If ^ changes uniformly, the e.m.f. is constant. 

The work done by the apphed e.m.f. against this counter-pres- 
sure is EQ units of work, where Q is the quantity of electricity 
moved. Assuming for simpUcity that the current increases 
uniformly from to / in time t, then Q = }^It, and the work 
done against the e.m.f. of self-induction is 

W =:QE = }iEIt. 

LI 

But E = — ' tencfe 

W =-HEIt = Hj^XlXt 
= yiLP. 

\ 

\ 

Since the co^nter-p^essure of self-induction is due to the 
reaction of the- magnetic field threading through the circuit, 
this work is stored as potential energy of the magnetic field. 

The foregoing demonstration is based on the assumption that 
the current changes at a uniform rate from zero to a maximum 
value. TJie result is not subject to this limitation, for it can 
be shown by calculus that the result is true no matter how the 
current varies. 

Example 

A circuit has an inductance of 0.45 henry. What is the potential energy 
df the magnetic field if the current in the circuit is 100 amperes? 

SolvJtion 

Energy = H LIK 
Data 
L = 0.45 henry 
/ .= 100 amperes. 

Then energy = -^ X 100* 

= 2250 joules. ' 

90. Closed Electric Oscillator. — While it is true that the dis- 
charge of a condenser is oscillatory, the period of the oscillations 
is extremely rapid and not subject to control. A condenser 
by itself is thus not suitable for producing oscillations for radio- 
telegraphy. A condenser and some form of an inductance are, 

8 
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however, invariably used. A simple diagram of what is known 
as a closed oscillator consisting of an inductance and condenser 
is shown in Fig. 65. The diagram represents an imcharged 
condenser C connected in series with an inductance L and bat- 
tery jB. At the instant of closing the circuit by means of the 
switch S, the full e.m.f ., JB, of the battery is impressed upon the 
circuit. Since at the instant of closing the switch there is no 
charge on the condenser, there is no counter-pressure due to it, 
and the current increases at a maximum rate. But the counter- 
pressure of self-inductance is equal to the inductance, L, times 
the rate of change of cmrent; hence, the moment a current starts 




3 



X 



Fig. 65. — Simple closed oscillatory circuit. 

in the circuit, the counter-pressure of self-inductance is equal 

to the applied e.m.f. 

As soon as the condenser acquires some charge, q, a counter- 

q 
pressure equal to >=; is developed, and the current necessarily 

increases at a lower rate. This is accompanied by a decrease 
in the counter-pressure of self-inductance. On increasing 
current the relation between E, the applied pressure; the counter- 
pressure of self-inductance, Cl; and the counter-pressure of the 
condenser, ec is given by 

E ^ eL + Be- 

Bl and Cc change. As one increases the other decreased, but at 
all times their algebraic sum is equal to E. As the charge on the 
condenser increases, Cc increases and Bl decreases. This con- 
tinues until the charge Q on the condenser is such that %^E, 

when the current ceases to increase and cl is zero. But at this 
instant the current is a maximum and the energy of the magnetic 
field around the inductance is a maximum as it is equal to 
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As the current begins to decrease, the magnetic field around the 
inductance begins to decrease in intensity. Since the building 
up of the magnetic field developed an opposing electromotive 
force with reference to the applied electromotive force, a decrease 
or decay of this magnetic field will again develop an electromo- 
tive force, but this will act with, and not against, the applied 
e.m.f. The effect of the inductance is to oppose any change 
in the current flow. The relation between the applied e.m.f., 
the e.m.f. of self-induction, and the counter-pressure of the con- 
denser becomes 

B + 6l = ec, 

and as long as cl increases the charge on the condenser increases, 
€l continues to increase as the current decreases and when the 
current is 0, ^l = -i^ and the condenser is charged to a difference 
of potential equal to 2E, and with a quantity of electricity equal 
to 2Q. At tins instant there is no energy in the magnetic field 
but the energy in the charged condenser is 2QE = 2CEK 

When this state has been reached, the condenser begins to 
discharge through the inductance and battery. The current, 
therefore, surges back and forth through the circuit until it finally 
dies away with the condenser remaining charged with a quantity, 
Q = CEf such that its reacting e.m.f. is equal to the e.m.f . of the 
battery. A circuit consisting of an inductance and condenser is 
called an oscillating circuit, for under certain conditions there is 
an interchange of energy between the inductance and condenser. 
A mechanical analogy will aid in understanding the character- 
istics of such a circuit. 

91. Analogy for Oscillatory Circuit. — ^Let us consider the 
motion of a mass M suspended from a spring as indicated in Fig. 
66. Assume that the mass is supported by the shelf jB in a posi- 
tion so that the spring is not stretched. At a given instant the 
shelf is dropped, releasing the mass. The dropping of the shelf 
corresponds to the closing of the switch S of the electric circuit. 
As soon as the shelf is dropped the mass begins to move under the 
force of gravity which corresponds to the applied e.m.f., E. 
But at this instant there is no tension on the spring; hence, the 
force of gravity is balanced by the force of inertia of the mass. 
This corresponds to the beginning of current flow in the electrical 
circuit. The force of gravity is analogous to the applied e.m.f.; 
the tension in the spring is analogous to the counter-pressure of the 
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condenser ; the force of inertia is analogous to the counter-pressure 
of self*-induction; and the speed of the mass is analogous to the 
current. As the mass moves downward, the speed increases, the 
tension on the spring increases, and the force of inertia decreases. 
When it has moved a certain distance, the tension of the spring is 
equal to the weight of the body and it ceases to accelerate.. Let 
this distance be represented by d in the figure. It is evident that 

although the tension on the spring is 
equal to the weight of the body it does 
not at once come to rest for at that 
instant it is moving with maximiun 
velocity. This corresponds to the 
conditions in the condenser circuit 
when the charge on the condenser 
develops a counter-pressure equal id 
the applied pressure. At this instant 
the current which corresponds to the 
velocity of the body is a maximum. 

A further consideration of the motion 

of the body makes it evident that the 

kinetic energy of the mass is a maxi- 

mmn when it is moving with maximum 

I . speed, that is, at the instant the 

^ I I tension on the spring becomes equal 

ZJf \^ ^ *^® weight of the body. At this 

I instant the kinetic energy equals 

■^ As the body passes beyond this 

FiQ. 66. — Analogy for simple point the tension on the spring \n- 
osciUatory circuit. crcascs and the speed decreases. This 

continues until the kinetic energy of the body is converted into 
potential energy of the spring; that is, the spring will be extended 
beyond this point another distance d. Hence, the total extension 
of the spring is 2d, and the potential energy of the spring is 2Kd^y 
which is analogous to the energy of the charged condenser which 
was shown to be equal to 2CE^. 

When the spring has been extended through a distance 2d, the 
tension of the spring is equal to twice the weight of the body and 
hence the body begins to move in the opposite direction. The 
return motion is in every respect like the forward motion and th6 
body oscillates until all of the energy is dissipated in the resistance 
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offered by the air and molecular friction of the spring, when it will 
come to rest a distance d below the shelf. Were it not for the 
friction of the air and spring, the body would oscillate indefinitely 
through a distance 2d. We have seen, however, that this type Of 
motion when not retarded is simple harmonic. Since the analogy 
between this type of motion and the fluctuation of the charge in 
the cpndenser in an electric circuit is so exact, it is proper to conclude 
that the fluctuation of the charge in the electric circuit is simple 
harmonic when no resistance is present to dissipate the energy. 
Since the fluctuation of the charge in the condenser is simple 
harmonic, the expression for the charge may be written in the form 

5 = Q sin (at 
and i = o)Q cos cat, 

where i is the instantaneous value of the current. 

92. Period of Electric Oscillation. — In discussing Fig. 65 it was 
shown that the current is a maximum when the charge on the 
condenser is such as to cause a back pressure equal to E, the 
voltage of the battery. Representing the maximum current by 
/^li, the energy of 'the magnetic field at the time of maximum 
current is J^L/w^ and the energy of the condenser is }^CE^. Bui 
these two energies are equal as can readily be shown. The total' 
limount of enei'gjr must have come from the battery. The e.m.f . 
of the battery is assumed to remain constant and equal to Ej afid 
as^ coulombs have been moved under this e.m.f. it is evident 
thkt?^Qis the total amount of energy given out by the battery; 
We then have 

EQ = yiLIJ + y2PE\ 
But ., . . = EC. 

■'. ■ , :■ ■ Q •"''..'. . 

Therefore, ^ C ='^. Substituting, we get * . 

EQ = HLIin' + H^XE^ 

Hence, HLIJ = EQ - HEQ 

= MEQ. ...;■■;:■'■ ^^ 

But }^iEQ is the enBrgy of the charged condenger. Thereforq^.jit^ 
this instant the energy of the condenser is ^equal to that of the 

magnetic field and we have 

:■' ■■ ■. ... Qi ■■-- 
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It has been shown Art. 91 that if the charge fluctuates as simple 
harmonic motion it may be represented by 

q = Q siiKat 
and i » (oQ cos (at. 

The current is a maximum when cos <at — 1. At this instant 
/« = «Q. Substituting in the energy equation above we get 



Hence, 



Hl^'Q* 


.H«' 




«* 


1 

~ LC 




u 


1 
y/LC 




u 


2r 

- T ~ ' 


1 

s/LC 



But 



Hence, jP = 2ir y/TZii where T is the period in seconds, 
L is the inductance in henrys, and C is the capacitance of the 
condenser in farads. 

This is a very important result as it shows that the period of 
oscillation of such a circuit as shown in Fig. 65 is determined by 
the inductance and capacitance of the circuit. By varying either 
the capacitance or the inductance, the period can be changed. 

Examples 

1. The capacitance of the circuit, Fig. 65, is 0.001 microfarad and the in- 
ductance is 0.002 henry. What is the period of oscillation? 

Data 

L "> 0.002 henry 

C - 0.001 X 10-« farads. 

Then T « 6.28 \/0.002 X 0.001 X lO"* 

- 6.28 X 10-* \/2 

- 6.28 X 1.414 X 10-« 

- 8.89 X 10-« seconds. 
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i. How many complete oscillations per second does the charge make? 
SoluHon 

1 

" 8.89 X 10-« 

— Fqq " 112,500 cycles per second. 

93. Undamped and Damped Oscillations. — In the discussion 
of the motion of the simple pendulum, harmonic motion, and 




FiQ. 67. — Undamped wave. 



that of the oscillating pendulum. Fig. 66, it was assumed that the 
amplitude of oscillation remained constant, or in other words, 
that no retarding resistance was present. The oscillation of 




Fia. 68. — Damped wave. 

such a pendulum when represented by a wave is exemplified by 
Fig. 67, where Ai, A2, At, etc., the successive amplitudes, are 
equal to each other. Oscillations in which the successive am- 
plitudes are equal are called undamped oscillations and the 
resulting wave is called an undamped or sustained wave. 
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It is vejy evident that if a. pendulum he permitted to oscillate 
freely, that is, without reinforcing impulses, the amplitude will 
decrease gradually until the pendulum comes to rest. The 
energy originally stored in the pendulum is dissipated in the 
frictional resistance of the air, and pf the molecules of. the sus- 
pension. Exactly a similar decrease in the successive amplitudes 
is found to exist in any oscillating system whose energy is dis- 
sipated into the surrounding medium. When an oscillation of 
this type is represented by or produces a wave, it is typified by 
Fig. 68, where A 1, A 2, As, etc., again represent successive amph- 
tudes. Such an oscillation or wave is called a damped oscillation 
or wave. A damped oscillation or wave is one in which the suc- 
cessive amplitudes decrease according to some law. 

94. Effect of Resist^ce in An Oscillatory Circuit — Let an 
eleclaical circuit be diagrammatically represented by Fig. 69, 
in which R, L, and C represent the resistance, inductance, and 

vwww^ 





Fig. 69. — Damped oscillatory circuit. 

• 

capacitance respectively. Upon closing the switch S a current 
will begin to flow in the circuit just as in the circuit of Fig. 65, 
but there will be this difference. The e.m.f. of the battery 
win have to compensate at each instant the voltage drop, iiB, 
across the resistance on increasing charge, and the current 
will cease to increase when the counter-pressure of the coin- 
denser plus the voltage drop across the resistance are equal "to 
the e.m.f . of the battery. At this instant the current is a maxi- 
mum and accordingly ImR is a maximum and the condenser is 
charged to a difference of potential equal to E — ImR, where E 
again represents the e.m.f. of the battery. At this instant the 
charge is equal to {E ^IfJi)C which is evidently less than it 
would be were R = 0, The energy in the magnetic field is 
again }^iLIm^, but as Im is less than in the case where R = 0, 
this energy is less. In addition, some energy has been dissipated 
as heat in the resistance. This energy is lost to the circuit. The 
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charge on the condenser will, however, continue to increase 
until the current reduces to zero. When the vrftage- drop 
across the resistance is zero the condenser is charged to a dif- 
ference of potential equal to that of the self -inductance and bat- 
tery. As the current decreases from its maximum value to 
zero some more energy is lost so that the final energy charge on 
the condenser is considerably less than when R = 0, and other 
conditions remain the same. When the charge on the condenser 
is a maximum its potential is higher than that of the battery 
and it will begin to discharge. That is to say, a current will 
flow in the opposite direction. As this current flows through the 
resistance more energy is lost and the current will not reach so 
high a value as on charge. The ampUtude of the oscillation 
is thus a constantly decreasing one. 

Not only the ampUtude is decreased, but the period of oscil- 
lation is also affected. It is difficult to show this effect without 
using higher mathematics. It can, however, be shown that the 
influence of the resistance on the period is given by 



yl~Lc~ 



R^ 
4L' 



Tf ^=_1 

^^ 4L2 LC' 

1 /J2 ... . 

then^Y^ — jj-2 = 0, and T is infinite. That is, the charge does not 
oscillate. It is thus evident that when R is equal to or is greater 
than 2 ^/— ., the circuit is not oscillatory. If R is less than 

2 'Y"^ the circuit is oscillatory, but its period is longer than when 

R = 0. Since the frequency is the reciprocal of the period, 
it is given by 

Examples 

1. A given circuit has a capacity of 0.004 microfarad, an inductance of 
0.02 millihenry, and a resistance of 1000 ohms, will the circuit oscillate and if 
so what is the period of oscillation? . -^ 
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Solution. — The condition that must be fulfilled in order that the charge 
in such a circuit may oscillate is 



>§ 



R <2 \l-r-, < means less than. 



Data 



L - 0.02 X 10-« henrys 
C = 0.004 X 10-« farads 
R « 1000 ohms. 



Hence 2^ ^ 2y^ 



io-« 



io-» 



-Vix 



10+* 



= 100 X 2 X 0.707 
= 141. 



Hence R > ^\ljy and the circuit is nonoscillatory. > means greater than. 

2. The resistance of the circuit of Example 1 is reduced to IQohms and 
the inductance is increased to 0.4 henry. What is the period and frequency 
of the oscillation? 



Solution 



Then 



\LC 4L« 

Data 
2ir = 6.28 
L = 0.4 henry 
C =» 0.004 X 10-« farads 
R = lOOjjJmis. 



<, 



10,000 



.04 X 0.004 X 10-« 4 X 0.16 
" 0.00025 second. 

R^ . 1 

The value of j^ is so small in comparison with -^ that it may be neglected. 

94. Calculation of Wave Length. — It has been shown that the 
wave length of the wave train is the distance the disturbance 
travels during one complete oscillation. If V is the speed of the 
electromagnetic wave and T is the period of one oscillation of the 
electric charge producing it, then VT is the wave length. The 
speed of an electromagnetic wave is the same as that of light, 
namely, 3 X 10* meters or approximately 186,000 miles per 
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second; hence the wave length of the electromagnetic wave pro- 
duced by an oscillator is given by 

X = 3 X lO^T = 3 X 108 X . ^ meters 

R^ 



^^ 



LC 4L» 



= 186,000 X ■ ^ mUes. 



^- 



LC 4L2 

R^ 
Or, if 4T2 ^ negligibly small it may be omitted and the wave 

length becomes 

X = 3 X 108 X 2jr\/LC meters = 1.886 X 10»\/LC meters 
= 186,000 X 2irv<LC miles = 1.169 X 10«VlC miles. 

Example 

An electric oscillating circuit has an inductance of 0.04 henry, a condenser 
of 0.004 microfarads capacitance and negligible resistance. What is the 
wave length produced? 



SohUion 



X = 3 X 10« X 2iry/LC meters. 

Data 
L — 0.04 henry 
C = 0.004 X 10-« farads 
B = 0. 



Then X = 3 X 10» X 2ir X VO.04 X 0.004 X 10-« 

» 6t X 10« X 1.265 X 10-6 
s 23,800 meters. 

It is customary to distinjguish between electromagnetic waves 
by their lengths rather than by their periods or frequencies. 

96. Practical Oscillatory Circuit. — While the circuits described 
in the preceding articles and illustrated in Figs. 65 and 69 are 
very helpful in forming an idea of an oscillatory circuit, and in 
deriving the expression for period and frequency of such a circuit, 
they are never used in practice for generating electromagnetic 
waves. 

One of the simplest and earliest oscillating circuits or electric 
oscillators, as such circuits are called, is the open oscillator of 
Hertz shown in Fig. 70. Two metal rods A and B with a small 
air gap O are mounted on insulating stands. These rods are 

14 
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then connected to the secondary terminals of an induction coil 
or high voltage transformer. At each interruption of the primary 
circuit of the induction coil the voltage of the secondary circuit 
increases to a value great enough to cause a discharge across the 
air gap. On account of the small capacitance of the two rods, 
the small inductance of the circuit, and the high resistance of the 





Fig. 70. — Open electric oscillator. 

air gap the oscillations of such a circuit are highly damped. In 
the circuit represented by Fig. 69 most of the energy is dissipated 
as heat in the resistance. Such a circuit is not very efficient as a 
generator of electromagnetic waves. In the simple open oscilla- 
tor of Fig. 70 most of the energy is dissipated in the air gap. 
While a large part of this is converted into heat, still a greater 



f 





^t^f*f 



V 



GtQunxf 
Fig. 71. — Part of one form of radio transmitting circuit. 

per cent, is utilized in generating electromagnetic waves. The 
eflfectiveness of such an oscillator can be increased still further by 
increasing the capacitance of the two rods. This is done by 
adding wires or plates to the rods, or by connecting the lower rod 
to the earth and attaching wires to the upper one and stringing 
them Qv^r insulators, as shown in Fig. 71. This is a part of on^ 
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form of wireless transmitting circuit in practical use. Other 
forms will be explained later. 
97, Properties of Damped Waves. — ^A damped wave has been 




Fig. 72. — rA damped wave in which successive amplitudes decrease by a constant 

factor. 



defined as one whose amplitude decreases according to some law. 
Graphically, two types of dang>ed waves are represented by 



1 




FiQ. 73. — Damped wave. 

Figs. 72 and 73. The two waves resemble each other but it is 
evident that the rates at which the amplitudes decrease are not 
the same. The amplitude io each c£^se decreases according to ^ 
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separate law. A periodic quantity which fluctuates according to 
the law of simple harmonic motion has been expressed by 

a == A sin <i>^ 

In a damped oscillation the amplitude A is not constant but 
decreases. To get an expression for a damped oscillation it is 
necessary to multiply A, the amplitude, by such a factor as will 
give the correct rate of decrease. By higher mathematics it can 
be shown that this factor is c"*', where c = 2.718 + or the base 
of natural logarithms, & is a constant depending upon the con- 
stants of the oscillating system, and t is the time in seconds. It 

is evident that c~" = -jf decreases as t increases, and hence if 

we multiply A by this factor the product of Ac"*' decreases with 
time. The expression for the instantaneous amplitude of a 
damped oscillation may be written in the form a = Ac"*' sin coL 
If the intensity of the electric current decreases with time in 
the same way as the damped oscillation, the expression for the 
current may be written 

i = /m6"*' sin (ot. 

The constant b depends upon the constants of the circuit, namely, 
upon the resistance and inductance of the circuit. It can be 

shown that if R and L represent the resistance and inductance 

R 
respectively, then b = s/ • ^^ ^^ oscillating electric circuit the 

damping factor is 






■( 




Examples 

1. An oscillating electric circuit has a resistance of 16 ohms and an induc- 
tance of 0.4 henry. If /„, is the maximum possible intensity of the current in 
the circuit, what will the intensity be 0.01 second after closing the circuit?. 

Solution 

t = /m € 2L gin (at 

\LC 4L» 

R « 1000 ohms 

L = 0.4 henry 

C = 0.3 microfarad 

e « 2.718 

t « 0,01 9ecQn<i 
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I e -1^X0.01.12.6. 

Log c « 0.434294 
Log e~"-* = Log 1 — Log e"* 
Log €"•* = 12.5 X Log e = 12.5 X 0.434294 
» 6.428675 
and Log «-"•» = 6.571325 

e-i«.6 « 0.00000373. 



16 



\0.4 X 0.3 0.4 X 0. 

= lO'-s/oiTS 
« 2.6 X 10» 
sin arf « sin 2.6 X 10» X 0.01 
» sin 26 
. = 0.77 
i = 0.00000373 X 0.77 X U 
= 0.00000287 «. 

This shows that if iS is large the amplitude decreases very rapidly. 

2. Given the circuit of Example 1, but the resistance is short-circuited, 
i.e., R ^ 0. What is the frequency? 

Solution 



(a = 




flO' 
\0.12 



0.12 

= 10 VsiSi 

= 2.89 X 10» 

f Jt^ 2-89 X 10» 
•^ "" 2x 6.28 

« 4.5 X 10* per second. 

2.6 X 10' 
The frequency in the circuit of Example 1 is —-^OR — ~ ^-^^ 

per second. This shows the effect of resistance on frequency. 

98. Decrement ol Damped Waves. — It is often essential 
to know the per cent, decrease in the ampUtude per cycle. 
Assuming that the law of damping is given by the expression 

a = A«€~*' sin <at 

the decrease in the amplitude may be calculated as follows: 

Let Ai = A«e"^'i sinco^i be the maximum amplitude and let 

ti be the time after closing the circuit at which this amplitude 
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occurs. At some time, tn seconds later, another maximum 
amplitude will occur. Let this be represented by 

An = Am€~"" sin 0)tn. 

But if there are n complete oscillations during the interval of 
time tn — hy sin o)ti = sin w^n, and the ratio 6f Ai to An is 

Ai A „,€-*'* sin (ati 



An A „€"*'• sin wtn 



Since we have assumed n to be the number of complete oscU- 
lations diuring the interval tn — <i, then tn — ti = nT, where T 
is the period. This when substituted gives 

^- J>nT 
An ^ ' 

Taking the logarithm of both sides we get 

Ai '^''■''' ' ■ 

Log« -7- = bnT Log e 

-An 

= bnTj since Log € = 1, 

T Ai . 

whence 67 = 5 = Loge ^• 

5 is known as the logarithmic decrement of the damped oscil- 
lations. If n is 1, 5 is evidently the logarithm to the base e 
of the ratio of an amplitude in one direction to the next succeed- 
ing amplitude in the same direction. Furthermore, since b 

R ' . 

= 2?" ^^d ^ is the period, 5, the logarithmic decrement is equal 

R ■ : - ■ 

to qF^- The larger this value the greater the decrement and the 

more rapidly the wave dies out. 

Since T, the period, can be expressed in terms of the constants 
of the circuit, 

27r 



T = 



\LC 4LV 



/?2xH . f. 
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-r- U 
, tR .<^-*^ ^ - u^ 

and 5 = 



5 = 



Leo 

ttR 



R^\^ 



\LC 4LV 



Ic R^ 

= t/2^-, when 2T2 ^® negligible. If 72, L, 

and C are known, 5, the logarithmic decrement, can be calcu- 
lated. According to statute law, the logarithmic decrement per 
complete oscillation in the wave transmitted by a radio-trans- 
mitter must not exceed 0.2 except when sending distress signals 
or messages relating thereto. 

Examples 

1. If the logarithmic decrement is 0.2, how many complete oscillations 
will be made before the amplitude decreases 99 per cent. ? 

SoltUian 

Log.-i- 

- -An 
= • 

n 
Data 
6 =0.2 

Ai = 100 

A„ « 1 

T Ai - 100 
Log* 2; Log -Y 

n — 



0.2 0.2 

4.605 ^^ . 
= -^;2-=23 Ans. 

2. An oscillating circuit contains a resistance of 100 ohms, an inductance 
of 0.5 henry, and a capacitance of 2 microfarads. What is its logarithmic 
decrement? 



SoltUion 



6 



-'«>|- 



Data 
iE = 100 ohms 
C = 2 X 10-« farads 
L = 0.5 henry. 



Then 5 = X X 100 yj^^ 



= X X 100\/4 X 10-« 
- 2ir X 100 X 10-» 



ixi 
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f 

8. What will be the ratio of the first to the tenth amplitude in the circuit 
of Example 2? 



Solution 



An 



Then 



or 



Data 
a » 0.0628 
n = 10 
e = 2.718. 

Ai. 

A 10 

- 2.718««» 

= 1.874. 
Aio = 0.53Ai B 53 per cent, of Ai. 



2.718WX0.06J8 



More will be said of logarithmic decrement when coupled circuits are 
discussed* 



CHAPTER VIII 
RADIOCmCUITS 

100. Definition. — ^A radiocircnit may be defined as an oscillatory 
circuit capable of producing electromagnetic waves. These cir- 
cuits are quite numerous but in general they may be classed 
under two heads, (o) simple, (6) coupled. 

(a) Simple radiodrcuits are of two types, series and parallel. 
A simple series circuit is illustrated in Fig. 58 and its character- 
istics have been described. It has been shown that the impe- 
dance of such a circuit is given by 

If JB is small, the impedance is approximately 

Z = Leo — 7=— • 

Ceo 

If an alternating e.m.f . be impressed upon such a circuit, the re- 
actance, and hence the resulting current, varies with the fre- 
quency. As the frequency increases <aL = Xl increases and 

-7^ = Xc decreases. At some frequency Xl = Xc and the im- 
cou 

pedance becomes Z = VB^ + {Xl - Xc) ^ = V/?^ + = R. 

At the frequency which makes Xl = Xc the current is determined 

by the resistance of the circuit and the impressed e.m.f., and 

for given values of these it is a maximum. The frequency at 

which the current under a given impressed e.m.f. is a maximum 

is called resonant frequency. 

The equality between Xl and Xc can be also obtained by vary- 
ing the inductance or capacitance. Thus the condition of reso- 
nance may be secured by varying /, L, or C. At a given frequency, 
resonance may be secured by varying L or C, or both. The series 
circuit is the principal circuit used in radio-transmitting and 
receiving sets, and in wavemeters. 

Tuning, — The term tuning in radiotelegraphy means the ad- 
justment of the circuit, simple or coupled, so as to produce reso- 
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nance. Circuits are tuned when their natural or free periods 
are equal, that is, when LiCi = L2C2- Tuning consists in varying 

the inductance, or capacitance, or both in order that/ = - — Tf^' 

the frequency of the circuit, may have the desired value, usually 
that of some other circuit. 
101. Reactance Diagrams. — The impedance of a circuit is the 




I I I 



I I I 1 1 I « 



FiQ. 74. — Variation of inductive reactance with frequency. 

resultant of the resistance, inductive reactance, and capacitance, 
or condenser reactance. The inductive reactance is equal to 
wL or 27r/L, which for a given value of L evidently increases di- 
rectly with /, the frequency. Representing the variation of in- 
ductive reactance with frequency graphically, we have the straight 
line marked Xl, Fig. 74. When / = 0, 27r/L = 0. When 



*—-«/' 




Fig. 76. — Variation of capacitance reactance with frequency. 

/ = /i, the reactance = 2t/iL and is represented by the line a^fl,. 
If the frequency is doubled so that / = /2 = 2/i, then the reac- 
tance is %rj^ = 47r/iL and is represented by a^a^ which equals 
2aaa. Evidently the distance from any point on line 0/ to line 
Xl gives the inductive reactance for the frequency corresponding 
to that point. 
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The capacitance reactance is given by Xc = -7; • When / is 

r 

0, CO = 0, and Xc is infinite. As / increases Xc decreases. 
The change in Xc with changes in / is shown by the curved line, 

Fie. 75. Since —py is subtracted from Lea, values of Xc are 

plotted below the axis Of. If, now, we combine Figs. 74 aiB^ 
75 so that the axes Of coincide, we get Fig. 76, to which has 
been added the curve marked X. This is obtained by adding^ 
the corresponding ordinates of the line Xl and curve Xc* CurvS 




FiQ. 76. — Variation of inductive and capacitative reactance with frequency. 

X shows how Xl — Xc varies with frequency. The point where 
this curve crosses the axis Of corresponds to the resonant fre- 
quency. At this frequency Xl — Xc— 0, and the current in the 
circuit is determined by the appUed e.m.f . and the resistance. 

The value of the resonant frequency, in terms of the inductance 
and capacitance, may be calculated as follows: 

For resonant frequency 



<aL :p^ = 



Then 



and 



1 


^ 


. 


w« 


= 


1 

LC 


^.« 




1 



(a 



Vlc' 
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But 



Hence 



and 



09 = 2ltf, 

1 



ar/ = 



/ = 



Vlc 
1 



2tVlC 

which is the natural frequency of the circuit as has been shown. 
Much valuable information concerning the properties of re- 
sonant circuits can be obtained from such reactance diagrams. 
Fig. 77 is a reactance diagram for a series circuit whose con- 
stants are L = 377 X 10-* henry and C = 0.00235 X 10-« farads. 




SffOO 



Fig. 77. — Reactance diagram for a circuit whose inductance, L »■ 377 X 10** 
henry and capacitance, C » 0.00235 X 10~* farad, <a « 2irf. 

102. Simple Parallel Circuit. — In a series circuit the same cur- 
rent must flow through each element composing it. In a parallel 
circuit the elements are connected so that the reactance of each 
determines the current through that element, and the total cur- 
rent is the resultant of the several component currents. A simple 
parallel circuit containing resistance, inductance, and capacitance 
is shown in Fig. 78. Since the branches or elements ab, cd, 
and ef are in parallel across the Une, the current in each will be 
determined by E, the applied e.m.f. and the reactance of that 
branch. Thus if we assume E to be the effective value of an 
alternating e.m.f., the current in the condenser branch is given 
by Ic = coCE, This ciurent leads the impressed pressure by 

T 

7-, or 90**. Similarly, the current through the resistance is given 
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E 
by Ja » n which is in phase with the impressed e.m.f ., and at low 

frequencies it is independent of the frequency. At high or radio- 
frequencies, the resistance increases and hence the current de- 
creases with frequency. This relation was given in Art. 84. 

E 
The current through the inductance is given by II = -y and 

T 
it lags by j-, or 90** behind the impressed pressure. The total 

current supplied by the applied e.m.f . is the result of these three 





<^ 



V 



FiQ. 78. — Simple parallel circuit. 

currents. This resulting current can be found by combining geo- 
metrically the several component currents as indicated in Fig. 
79. Thus let OE be taken as the reference vector. Since /« is 
in phase with E its vector will Ue along OE. Let OIr represent 
the eflfective current through the resistance. Since the current 
through the inductance lags one quarter of a period or 90^ behind 
the pressiu'e, it will be represented by 01 l. Similarly, the con- 
denser current is represented by OIc» Since these two currents 
are opposed their sum is equal to Oa == Ic — II. This result- 
ant combined with /« gives /, the ciurent in the supply wires. 
Sinw Ii, decreases with increase in frequency and Iq increases 
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with increase in frequency, at some frequency Ic = II and the 
current in the supply mains is equal to /«. If the circuit consists 
of inductance and capacitance only, then at this frequency II 
and Ic may both be very large, but as they are equal the current 
in the supply wires is zero. Under these conditions the circuit 
has infinite reactance. The frequency producing this condition 
is Ukewise known as resonant frequency. 

A series circuit of inductance and capacitance has zero reactance 
at resonant frequency, while a parallel circuit of inductance and 
capacitance has infinite reactance at resonant frequency. The 
student must not conclude that no current is flowing in the in- 
ductance and condenser of a parallel circuit at resonant frequency. 




Fio. 79. — Vector diagram for simple parallel circuit. 

In these branches the current may be very large but it merely 
circulates from one to the other and back again. ' The appUed 
e.m.f. merely supplies the losses. As in a series circuit, the 
energy surges back and forth at a frequency that is determined 
by the constants of the circuits. 

By the aid of the vector diagram, Fig. 79, we can calculate the 
impedance of the parallel circuit, thus: 

The ciurent through the inductance 

The current through the condenser is 

Ic = o)CE 
and the current through the resistance is 

J _E 
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The total current is 

/ = V/«* + ih - Ic) 



The impedance of a circuit is the ratio of the impressed e.m.f . 

E 
to the cmrent, or y. In this instance 

El 



Hence 






The quantity \jp2 + (~r — wC j is called the admittance of the 

circuit. It is evidently that quantity by which the impressed 
e.m.f. must be multiplied to give the current. 

Upon comparing the expression for admittance of a parallel 
circuit with the expression for impedance of a series circuit, it 

is seen that —f corresponds to wL, and wC corresponds to — p^* 

» 

1 
The quantities -y and wC are called the susceptances of the 

inductance and condenser respectively. Since the susceptances of 
the inductance and capacitance enter the expression for current 
in a parallel circuit in the same way that the corresponding re- 
actances enter the expression for current in a series circuit, a 
susceptance diagram, similar to the reactance diagram, Fig. 77, 
may be drawn. 

If R is infinite, that is, if the resistance branch be opened, then 
the admittance of the parallel circuit is 



VS^=i-"^- 



If values of -y and— wC be plotted, and the corresponding ordi- 

nates of the susceptance curves be added, there results a curve 
^hich show§ th^ vpiriatioQ iji the acjujittanc^ of a parallel circuit 
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with variations in frequency, Fig. 80. At resonant frequency, 

f^ = ^y the admittance is zero, and as the impedance is the re- 

ciprocal of the admittance, 

1 



Z = 



admittance 



= pr = infinity. 
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Fig. 80. — Susceptance diagram for a parallel circuit, curve marked total 

suaceptance, is the admittance curve. 

108« Coupled Circuits. — ^When two or more simple circuits 
are so related that they interact, the combination is called a 
coupled circuit. The desired interaction may be secured by direct 
connection or by inductive action. The first is known as direct 
coupling. In this type of coupling the component circuits have 




Fio. 81. — Direct coupled circuit, capacitative coupling. 

some part in common. Figures 81 and 82 show two direct coupled 
circuits. In the first the condenser is the common branch and in 
the second the inductance coil M i^ common to both, 
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Inductive coupling is also of two kinds, electromagnetic and 
electrostatic, or capacitative as it is sometimes called. In the 
electromagnetic coupling, Fig. 83, the energy is transferred from 
one circuit to the other by mutual induction. In the capacitative 
coupling. Fig. 84, the energy is transferred from one circuit to 
the other by electric inductton. 

104. Properties of Coupled Circuits. — The fundamental char- 
acteristic of coupled circuits is their interaction by means of which 
energy suppUed to one is transferred to the other. The com- 



L. 




M 



L 








Fig. 82. — Direct coupled circuit, 
inductive coupling. 



FiQ. 83. — Inductively coupled 
circuit. 



ponent of a coupled circuit to which energy is supplied is called 
the primary and the component that receives it by transfer is 
called the secondary circuit. 

The transfer of energy from the primary circuit to the second- 
ary circuit can be accomplished only by a reaction of the receiv- 
ing, or secondary, upon the primary. This is a perfectly general 







Fig. 84. — Capacitatively coupled circuit. 

physical principle and applies whenever there is work being 
done or energy being transferred. Furthermore, the reaction 
must be of such a nature as can be manifest in the primary cir- 
cuit or source from which energy is abstracted. This principle 

15 
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may seem self-evident, yet its full significance is not always 
apprehended. 

If the energy is transferred mechanically, as when a steam 
engine drives a generator the reaction is mechanical. If the 
energy is transferred by electromagnetic induction the reaction 
is electromagnetic in nature, etc. A necessary and indispen- 
sable condition for the physical transfer of energy from one sys- 
tem or agent to another is a reaction between the two. 

In the direct coupled circuit, Fig. 82, the alternating electric 
current circulating in the common branch sets up an alternating 
difference of potential between its terminals a and 6. This 
difference of potential causes an alternating current to flow in 
the secondary circuit. If the secondary circuit contains a con- 
denser of capacitance C2, the energy delivered to it is ^ C^En^^ in 

one direction and Tp^m in the other direction when the primary 

cxirrent reverses. The total energy circulating in the secondary 
circuit is thus/ C^E^?^ where E^ is the maximum difference of po- 
tential between the terminals of the common branch, and/ is the 
frequency. 

If the secondary circuit contains an inductance L, then the 
total energy circulating in it is / L/«^, where /^ is the maximum 
secondary current. This secondary current is determined by 
the e.m.f. across the common branch and the impedance of the 
secondary circuit. 

Where the circuits are coupled inductively, as shown in Fig. 
83, the magnetic flux produced by the oscillatory current cir- 
culating in the primary penetrates the secondary, and as it cuts 
the windings of the secondary an e.m.f. is induced which causes a 
current to circulate in them. This secondary current tends to 
develop a magnetic flux opposing the flux due to the primary. 
This is the electromagnetic reaction mentioned above. The 
primary and secondary currents thus flow in opposite directions. 
That is to say, when the current in the windings of the primary 
coil is flowing in a clockwise direction the current in the secondary 
windings is flowing in a counter-clockwise direction. The e. m. f . 
induced by the flux threading through the secondary coil is also 
180 degrees or one-half period out of phase with reference to the 
e.m.f . applied to the primary. 

The magnitude of the current circulating through the second- 
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ary will depend upon the amount of the primary flux that pene- 
trates the secondary and upon the constants of the secondary 
circuit, namely, its resistance, inductance, and capacitance. 
106. Close and Loose Coupling. — When the coupled circuits 



HSSStiSS 



To j^iif 

Transformer MP 




Fig. 85. — Inductively coupled aerial. 

are related so that the reaction of the secondary upon the primary 
is comparatively large the coupling is said to be dose. On the 
other hand, circuits are said to be loose or loosely coupled when 



W3S^ 



Induction Sap 




Fig. 86. — Circuit showing method of varying degree of coupling. 

the reaction is relatively small. In direct coupled circuits the 
closeness of coupling can be changed by varying the amount of 
inductance or capacitance common to the two circuits. This is 
exemplified in Fig. 85 which shows a primary oscillatory circuit 
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connected to an aerial. The two connections a and b are 
movable so that both M, the common mductance, and Lt, the 
inductance in the secondary, may be varied. 

The degree of inductive coupling is varied by changing the 
relative position of the branches that interact, or by changing 
the number of turns on the interacting coils. This is illustrated 
in Fig. 86. If the distance between the two coils P and S is in- 
creased it is evident that a smaller number of the magnetic lines 
produced in P will penetrate S, and accordingly the mutual in- 
ductance is smaller. The relative position of the two coils may 
be changed in several wa3rs: the distance between them may 
be varied, the angle that the plane of one coil makes with the 
plane of the other coil may be changed, or 8 may be moved to a 
different position with reference to P. The result in each case 
is the same; namely, a change in the relative number of magnetic 
lines threading through the two coils is produced. 

106. Coefl9icient of Coupling. — ^The intensity of the reaction 
between two coupled circuits is dependent upon the relative val- 
ues of the physical constants of the several branches. This re- 
lation between the physical constants is called coefficient of 
coupling. 

In circuits of negligible resistance, the coefficient of coupling 
is defined as the ratio of the reactance at a given frequency of the 
common branch to the square root of the product of the react- 
ances at the same frequency, of the component circuits. 

When the circuits are coupled directly or inductively as repre- 
sented in Figs. 82 and 83, the coefficient of coupling is given by 



\/o)Lp X cuL, y/LpL, 

» 

where M is the common inductance and Lp and L, are the 
inductances of the primary and secondary circuits respectively. 
In direct coupling. Fig. 82, Lp = Li + M, and L, = L2 + M. 
In inductive coupling. Fig. 83, M is the mutual-inductance, 
Lp = Z/i + Z/8, and L, = Z/2 + Z/4, 

When a condenser is used as the common branch of a coupled 

lc~c] 

circuit, the coefficient of coupling isk ^ \'c~^' ^^ ^^^ ^' ^^ ^^^ 

capacitances of the primary and secondary circuits and Cm is 
the capacitance common to both, 
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Examples 

1. In the circuit of Fig. 82, Ci » 0.001 and d « 0.001 microfarads; 
Li » 0.00024 henry, Lt » 0.0033 henry, and M is 0.0023 henry. Find 
the coefficient of coupling. 

Solution 

VLp X X. 
Data 
M = 0.0023 henry 
Lp = 0.0023 +0.00024 

= 0.00264 henry 

L. = 0.0023 -f 0.0033 

« . 0056 henry. 

Then • k 0.0023 

V.00254X 0.0056 
- 0.617. 

2. Given an inductively coupled circuit as represented in Fig. 83. Cal- 
culate the coupling coefficients. When Lp — 297 X lO"* henries X, = 
450 X 10~* henries; and Af = 241 X 10~« and 25 X lO"* henries suc- 
cessively. 



SoliUion 



M 



VLp X L. 



Data 

(a) Lp = 297 X 10-« henries (6) L, = 297 X 10-« henries 

L. = 450 X 10-« henries L. = 450 X 10-« henries 

Af = 241 X 10-« henries M « 25 X 10-« henries 

_ , 241 X 10-« r^ I. 25 X 10-« 

Then «i = y .,^ ,^ ., Then «i = 



\/297 X 450 X 10-^» \/297 X 450 X 10"" 

= 0.659 -0.068 

107. Resonance of Simple Circuits. — ^It has been shown that the 
natural frequency of a simple oscillatory circuit depends upon 
the constants of the circuits. This frequency is given by / = 

- — y= when the resistance is negligible. Since both the com- 
ponents of a coupled circuit possess inductance and capacitance 
each will have a natural frequency of its own. The natural f re* 
quency of the primary is given by 

f 1 



and Ukewise the frequency of the secondary is /, = 2ir\/L,C,. 
Unless LpCp = LmCj these two frequencies are diflferent and com- 
plications arise. It is of interest, therefore, to examine some- 
what more in detail the reactions of such a circuit. 

In Art. 82 it was shown that at resonant frequency, that is, 
when the frequency of the supply circuit is equal to the natural 
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frequency of a simple series circuit, the impedance of the circuit 
is a minimum and hence the current circulating is a maximum. 
If we plot a curve showing the relation between the intensity of 
current and frequency of the supply circuit, it will be found that 
the current increases as the supply frequency approaches reso- 
nance. At resonant frequency the current is a maximum. If 
the frequency be increased beyond resonance the current falls off 
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Fig. 87. — Variation of current in a simple circuit with frequency. 



rapidly. Such a curve is shown in Fig. 87. Since at a given 
applied e.m.f . the energy that may be delivered to a circuit varies 
with the current it follows that more energy can be delivered at 
resonant frequency than at any other. 

That for a given e.m.f . the current in a series circuit will vary 
with frequency is at once evident from Fig. 76 in which the dis- 
tance from the axis 0/ to the curve marked XX represents im- 
pedance. The minimum impedance is at /o, resonant frequency. 
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Similarly, for a simple parallel circuit, the energy flowing back 
and forth between condenser and inductance is a maximum 
at resonant frequency. 

108. Analogy for Resonance of Simple Circuits. — ^A simple 
pendulum of a given length at a given position on the earth wUl, 
if free, vibrate at a definite frequency. In terms of the length 
of the pendulum and the acceleration of gravity this frequency is 
given by 

^ = ^w 

If small impulses of the same frequency be applied to the pen- 
dulum at proper instants and in the direction of motion it can 
be made to vibrate through a wide arc. On the other hand, if 
the frequency of the impulses differs from that of the pendulum, 
some of them will reinforce or assist in producing motion, while 
others will oppose the motion. The net result will be to cause 
the pendulum to vibrate irregularly and at a frequency which 
differs from its normal frequency. 

109. Oscillations of Coupled Circuits. — An electric charge 
oscillating in the primary of a coupled circuit will cause an elec- 
tromagnetic reaction in the secondary. For instance, if the vol- 
tage across the air gap, Fig. 86, is raised high enough to cause a 
discharge, the resulting oscillating charge in the primary wUl 
produce, by mutual induction, a current in the secondary. If 
the natural free periods of oscillation of the two circuits are equal, 
the oscillations in the secondary are synchronous with those in 
the primary and as a consequence the secondary will absorb a 
maximum amount of energy. If the amount of energy in the pri- 
mary is limited to that contained in the maximum charge of the 
condenser, then at every oscillation some of this energy is ab- 
sorbed by the secondary whose store of energy increases while 
that of the primary decreases. This gradual transfer of energy 
will coijtinue until the secondary has absorbed all of the energy 
of the primary. When this condition has been reached, the sec- 
ondary becomes the acting and the primary the reacting circuit. 
The conditions being reversed the energy is retransferred to the 
primary. This exchange of energy continues until it is all dis- 
sipated as heat and electromagnetic waves. 

110. Analogies for Coupled Circuits. — To understand more 
clearly the interactions between coupled circuits let us consider 
the interaction between two pendulums which are attached to a 
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common flexible support such as a string, Fig. 88. If pendulum 
A is started swinging its motion will be transmitted to the sus- 
pension of B through the string ab. The point of support b will 
thus be moved to and fro with simple harmonic motion. 
Since the point of support is osdllating, the pendulum B will also 
be caused to oscillate. The motion of the pendulum is the re- 
sultant of two motions, one the motion of the point of support, 
and the other, its own natural motion. If the latter be greatly 
damped by attaching a sheet of paper to the pendulum, or if the 
pendulum move in a viscous medium, it soon dies down and the 
final motion is that due to the harmonic motion of the support. 
Such a vibration is called a "forced vibration" to distinguish it 
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Fig. 88. — ^Pendulum analogy for resonance. 

from the natural free vibration. The amplitude of the forced 
vibration depends to a great extent upon how closely the period 
of the forced vibration agrees with that of the natural vibration; 
if they are exactly equal, the amplitude is very large. This con- 
dition is called resonance. 

Resonance is present when the two pendulums are of equal 
length. When this condition exists, the impulses from pendulum 
A are received by pendulum B at just the right time to reinforce 
its motion. At every impulse B absorbs some energy and A loses 
a corresponding amount. On account of this transfer of energy 
the amplitude of B increases and that of A decreases until A 
comes momentarily to rest, when B becomes the acting pendulum. 
We have assumed the pendulums to be simple. In reality the 
combination is very complex, as is evident from Fig. 88. The 
motion of A and B is the resultant of their own natural free mo- 
tions and of the motion of the supporting string which transmits 
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the impulses from one to the other. Since the motion of the 
supporting string is also harmonic, the motion of A and B can 
be resolved into two simple harmonic motions of two different 
frequencies. 

Another, and in some respects perhaps a more exact, analogy 
for an inductively coupled circuit is a mechanism represented in 
Fig. 89. This mechanism consists of three parts corresponding 
to the three parts of a coupled circuit. The lower carriage and 
springs correspond to the inductance and condenser of the 
primary circuit, and the upper carriage and springs correspond to 
the inductance and condenser of the secondary circuit. Corre- 

(J S Cs 



«" 



/ 



/ammir 



*t®-;;--(>)>«g»w^ 



Fig. 89. — Analogy for coupled circuits. 

sponding to the mutual-inductance which couples two oscillatory 
circuits is the weight M and the lever connecting the upper 
and lower carriages. It is very evident that when the primary 
system P of such a mechanism is caused to oscillate, the con- 
necting lever, by means of the inertia reaction of the mass Af , 
will transmit force impulses to the Secondary system and cause 
it to oscillate. It is interesting to notice that as P moves to 
the left S moves to the right and vice versa, that is, the motions 
are one-half period out of phase. This is analogous to the e.m.f . 
and current in the secondary of a coupled circuit. 

When the mass M is very large in comparison with the masses 
of the carriages P and S, its inertia will be large and it will act 
as a pivot when P is caused to oscillate rapidly. The motion 
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of P will then be transmitted to 5 by the lever and the amplitude 
of S will be to the amplitude of P as (' is to I. This corresponds 
to close coupling of electric circuits. 

Wlien the masses of P and S are large in comparison with 
that of M, the reaction of M to the motion of P will be slight, 
and consequently the oscillations of P will be weakly trans- 
mitted to S. This corresponds. to loose coupling in an electric 
circuit. 

When the primary and secondary systems are in tune, that is, 
when the masses and springs of the upper system are adjusted, so 
that the period of its oscillation is exactly equal to that of the 



Fid. 90. — Sbowiug iatersction at primary and secondary of a coupled 
ciTcuit. 

lower system, all of the energy of the oscillatii^ primary system 
is transferred to the secondary system, and the primary system 
comes momentarily to rest. The secondary system now becomes 
the acting or driving system and retransfers the energy back to 
the primary system and so on repeatedly. 

When the primary and secondary systems are not in tune, only 
a fractional part of the energy is transmitted from the primary 
to the secondary. This fraction depends upon the closeness of 
coupling and the exactness of tuning of the two systems. 

111. Damping of Oscillation. — Part of the energy supplied to 
the primary circuit is transmitted to the secondary and part of it 
is dissipated as heat in the resistance of the primary. Since no 
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energy can be transmitted without a reaction, the resulting 
reaction damps or decreases the amplitudes of the oscillations. 
This damping is especially pronounced if the circuits are tuned. 
Of the energy that is transmitted to the secondary, part is con- 
verted into heat, part is radiated as electromagnetic waves, and 
part is returned to the primary circuit. In radiotelegraphy it 
is important to reduce to a minimum the part wasted as heat, and 
the part returned to the primary. The part radiated as electro- 
magnetic waves should be as great a per cent, as possible of the 
energy transmitted to the secondary circuit. 

If the circuits are closely coupled the reaction of the primary 
is so active that much of the energy is returned to it. The in- 




Seoondary CUreuU 



Fig. 91. — Damped primary and sbcondary currents. 

terchange of the energy between the primary and secondary- 
is illustrated in Kg. 90. An examination of the curves shows 
that the current in the primary dies out as that in the secondary 
increases, and vice versa. It is evident that while both are highly 
damped, if the conditions are as assumed, the energy is not dis- 
sipated very rapidly. If a greater per cent, of the energy is 
radiated, then the amplitudes of the successive groups of oscilla- 
tions will be smaller as shown in Fig. 91. Nevertheless, there is 
still an exchange of energy between the two component circuits. 
It is evident that energy is returned to the primary circuit be- 
cause it is in a condition to absorb it. By changing this condition 
no energy can be returned to it and, consequently, the dissipation 
of the energy will be confined to the secondary circuit. Such a 
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state of affairs is represented by Fig. 92. The osciUations in the 
primary after once dyii% out are not built up. Since no enei^ 
is reabsorbed by the primary, the current in the secondary con- 
tinues to oscillate until the energy is dissipated as heat and elec- 
tromagnetic waves. 

One method of changii^ the conditions so as to prevent the 
return of the energy to the primary circuit is to open it at the 
instant it ceases to transmit energy to the secondary circuit. 
This open-circuiting must obviously be automatic. This is 
accomplished by using a small gap of special design and high 
resistance. This is known as a "quenched gap." 
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112. Frequencies of Coupled Circuits. — To give even approxi- 
mately a complete discussion of coupled circuits^ is beyond the 
scope of this elementary text. Some of the important principles 
can only be stated. 

It has been shown that two coupled pendulums have two 
resonant frequencies. Likewise, two oscillatory circuits in which 
the damping is prominent will respond to two frequencies, neither 
one of which is the same as the natural frequency of the compo- 
nent circuits. 

That the oscillations of a closely coupled circuit are complex 
can be shown by placing near the primary or secondary a third 

' The Theory of Coupled Circuits by Lotria Cohen, BtdUtm Bureau of 
'■ ■ da. Vol. 5, p. 511. 
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circuit which contains a variable capacitance for varying the 
frequency and a hot wire ammeter for measuring the current 
flowing in it. When oscillations are set up in the coupled cir- 
cuit, and the capacitance in the third circuit is varied until re- 
sonance is secured, it is found that there are two values of 
the capacitance for which the current is a maximum. This 
means that the oscillations in the coupled circuit have two fre- 
quencies which cause resonance in the third circuit. If the cur- 



0420 



0.0390 



0.0360 



0.0330 



0.030O' 



t4 0.0270 



0.0240 



0.0210 



0.0160 



0.0150 




Fig. 93. — Variation of current in coupled circuit with frequency. 



rent be plotted as ordinates and the corresponding frequency of 
the third circuit be plotted as abscissas a double humped curve 
results, Fig. 93. The two peaks correspond to the two fre- 
quencies of the coupled circuit. 

For radiotelegraphy this is an undesirable condition for evi- 
dently the electromagnetic waves radiated are of two wave 
lengths, and as the receiving apparatus can be tuned to one only, 
the energy in the other is wasted. The exact values of the two 
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frequencies are determined by the constants of the component 
circuits and the coefficient of coupling. 

(a) Direct Coupled Circuits. — ^The mathematical derivation 
of the formulas for calculating the frequencies of coupled cir- 
cuits is too difficult for this elementary text.^ The relation be- 
tween the natural frequencies of the component circuits and the 
resultant frequencies may, nevertheless, be expressed as follows: 

Let /i = natural frequency of primary circuit 
fi — natural frequency of secondary circuit 
Fi = one of the resonant frequencies 
Fz = the other resonant frequency 
k = coefficient of coupling. 



Then 



■'-4 



A* + /2* - V(fi* - h')* + m^^t* 



2(1 -fc«) 



and 



F.= ^ 



/l^ + U^ + V(/l^ - /2^)2 + 4fc2/i2/,2. 



2(1 - A;2) 



When the circuits are tuned, /i = /2 = /©, the natural frequency 
of either of the component circuits, and the above expressions 

reduce to Fi = ,"* 

V 1 + k 

F Jo 

2 == . 

, Fi vnTfc 

and «- = / 

Since wave lengths vary inversely as the frequency, 

Fi ^ X2 _ Vl - fc 

where Xi and X2 are wave lengths corresponding to Fi and F^ 
respectively. 

The influence of closeness of coupling can be deduced from 
these relations as well as determined experimentally. K A; is 
negligibly small, 1 — fc = 1 + fc, approximately, and Fi = F2 
= /o. That is, when the circuits are loosely coupled there is 

^ Circular No. 74 of The Bureau of Standards, p. 52. 
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only one resonant frequency and that is the natural frequency 
of either component circuit when they are in tune. The influence 
of coupling is shown by the cursres, Fig. 94. These curves were 
obtained by changing the distance between the primary and sec- 
ondary of an inductively coupled circuit. The coefficient of 
coupling for the double peaked cunre is 0.1371 and for the curve 
with the single peak it was reduced to 0.0512. 
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Fig. 94. — Resonant current values produced in same circuit by changing co- 
efficient of coupling. 



Example 

Given a direct coupled circuit as shown in Fig. 95. Calculate the two 
resonant frequencies when the constants are as follows: 



Solviion 



u 
u 

k 
Fi 



M 
1 



23 X 10-i"> farads 
9.3X10-10 farads 
56 X 10-« henries. 
209 X 10"« henries. 
241 X 10-« henries. 



1 



2iry/L,C% 
M 



2rV(Li + M)Ci 
1 

2xV(L, + M)Ci 
M 



\/Lp X L. \/(Li -h M) (L2 + M) 



-V 



2(1 - A;*) 
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The expression for Ft is the same as for Fi except that the sign — pre- 
ceding the third term is +• 

By substituting the given values we have 

- ^ 1 ^ 108 

2irv/(56 + 24i)rO-^~X23 X lO'^o 2iiV297 X 23 
— 1.926 X 10* cycles per second 

- ^ 1 ^ 10« 

2t\/(209 + 241)10-« X Q.S'xTO^o 2T\/45b X 9.3 
= 2 . 46 X 10* cycles per second 

OAt 



\/297 X 450 
/i* = 3.71 X 10i« 
/,« = 6.05 X lO^* 
y = 0.4345 



= 0.659 



^ /3.71 H- 6.05 - V (3.71 - 6.05)^ + 4 X 0.4345 X 3.71 X 6.05 
\ 2ri - 0.4345^ 



Fi « 10' 

= 1.656 X 10* cycle s per second 

^*---' M31 



2(1 - 0.4345) 



10'\ ^'^? ^f ^^ - 3.81 X 10* cycles per second. 




.<^/ 



^ 



Fia. 95. 

(6) Inductively Coupled Circuits. — It can be shown that the 
expressions for the resonant frequencies of inductively coupled 
circuits are the same as for direct coupled circuits. In making 
calculations, however, care, must be exercised in substituting 
the proper values of the inductances. For instance, if the cir- 
cuits are coupled as represented in Fig. 83, Lp = Li + Lz and 
L, = L2 + La. M does not enter into the expression for /i 

or/2. 

Examples 

1. Calculate the resonant frequencies for an inductively coupled circuit 
the constants of which are 

Ci = 100 X 10^1* farads 
Cj = 144 X 10-" farads 
Lp = 169 X 10-* henries 
L. = 121 X 10-* henries 
ilf = 25 and 2.5 microhenries, successively. 
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Solution 

vLiLi 

^'° Y • 2(1 -ifc') 

p A ffi' +/i' + VCfi' - /i')' + 4fcyiy,' 

*^*- V 2(1 - ik«) 

Substituting the given values we have 



2T\/l0b X 10-" X 169 X 10-« 

= 1.224 X 10* cycles per second 



10» 



2ir X 10 X 13 
/i* = 1.6 X 10" 



2tV144 X 10-" X 121 X lO"' 
10* 
= Oy y 12 y 11 ^ 1-206 X 10« cycles per second 

/j* = 1.466 X 10" 

fc = -—J^=. = ^=0.1748 

\/l69 X 121 143 
k* « 0.0306 

v lAn /l-5 + 1.455 - \/(1.5 - 1.455)« + 4 X 0.0306 X 1.5 X 1.455 

\ \/2(l - 0.0306) 

« 10'\/-^ ~. = 1.121 X 10* cycles per second 

^' = 109 yp^^^^:^ = 1.338 X 10« cycles per second. 

(&) In this case the conditions are as before except M is 2.5 X 10-* henries 
Then 

k - , ^' ^ = 0.01748 

\/l69 X 121 
and 

^ 10«^ / 2.Q55 ■ 0.068 ] 
' " >f2(l - 0.000306) 
= 1.443 X 10* cycles per second 

p lAn^ / 2.955 + 0.068" i e ^ m. i j 

^* ^ ^Q W 2(l - 0.000306) = ^-^ >< ^^ "y^^^^ P^'' ^^^°^- 

2. In the secondary circuit of Example 1, the capacitance is varied so 
that LpCi = L»Ci. That is, Cj is made equal to 139.6 X 10-" farads. 
What are the resonant frequencies when M ~ 25 and 2.5 microhenries, 
succiBssively? 

Solviion 

(a) Since the two circuits are tuned, 

fi — ft — — — y = 1.224 X 10* cycles per secon4 

2ir VLpCi 

19 
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ki - -^=. - ^ ^^ = 0.1748 

VL~C[ \/169 X 121 

fc, = ?^ = 0.01748. 
143 

Then 

^1 = y = > =— = 1.128 X 10* cycles per second 

Vl + ki Vl.1748 

Fi = y - « ' = 1.346 X 10* cycles per second 

Vl -k Vl - 0.1748 

(b) Inlthis case fc = 0.01748. 
Then 

Fi = 7 ^ ^ - 1.214 X 10« cycles per second 
\/l .01748 

and 

1 004. V in^ 
/?, « J ^. ^ ^^ = 1.234 X 10« cycles per second 
Vl - 0.01748 

It is very evident that the resonant frequencies are more nearly 
equal in case (b) than in case (a). 

(c) CapcLcitative Coupling. — When a condenser is the common 
branch of two coupled circuits, Fig. 84, the closeness of coupling 
varies inversely with the capacitance of the common condenser. 
The coefficient of coupling is 



\(Cl + Cnd (Cs 



+ CJ 



It is evident that the natural frequency of each component cir- 
cuit is influenced by Cm. The total capacity in the primary 
circuit is 

Hence, the natural frequency is 

ft = 1 = VCi + C, 






In the same way it can be shown that 

2ir\/Z/2C'2Cm 

The resonant frequencies are given by 



^.-# 



2 
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ana f 2 = ^ 2 

when /i = /2, that is, when the circuits are tuned these expres- 
sions reduce to 

Fi = fo V TTk 

and F2 = /o Vl - * 

where fo is the common natural frequency. When the coupling 
is very loose, k is negligibly small, and Fi — F2 — fo and there 
is only one resonant frequency. 

Example 

Calculate the resonant frequencies in a capacitatively coupled circuit 
whose constants are as follows: 

Ci =* 25 X 10-i« farads 
Ci « 23.5 X 10-10 farads 
Li = 175 X 10-« henries 
Lf « 377 X 10-« henries 
C« = 30 X 10-" farads. 

Solution 



* \( Cl + Cn^ KC, + CJ 
/i e cycles per second 

2w ^LiCiCm 

fi as ~y. — * "*" ^ cycles per second. 



Substituting the given values we have 



k ^ ^^±A^± ^ 0.447 
\/(55)(53.5) _ 

IO-V55 



2iiVl76 X JLO-« X 25 X 30 X lO"" 

IO'a/SS 
. ^ ^ 2 27 X 10* cycles per second 

2iiVl75 X 25 X 30 

; — ' = 2.215 X 1 0' cycles per second 

2iiV377 X 23.5 X 30 



p^^ J fi* +/«« + \7CA» -/2')' + 4fcyiy,« 

^ IQK JlO-75 + 4.9 + \/(10.75 - 4.9)» + 4 X 0.2 X iO.75 X 4.9 

= 3.48 X 10* cycles per second 
and 

Ft = 1.875 X 10-» cycles per second. 

lis. Damping in Coupled Circuits. — In the foregoing discus- 
9iQn of frequencies in coupled circuiti? the ii^fluence of the r^si^- 
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tance has been n^lected. While the resistance may have a small 
effect upon the frequency, it is an important factor in damping^ 
Cohen^ has shown that when the resistance of the primary of a 
direct coupled circuit is negligible in comparison with the re- 
sistance of the secondary there is only one damping factor, and 
that is the damping factor of the secondary circuit, namely, 
, R2 

When the circuits are inductively coupled there will be two 

damping factors corresponding to the two resonant frequencies. 

R R 

If CLi = of ct2 = oft *^^ ^ ^^ *^® coefficient of coupling the two 

damping factors are given by 

fli + ct2 + \/(ai — aa)^ + Aaiajc^ 



bi = 



2(1 - k^) 



and , _ Oi -f 02 — \/(ai -— ^2)^ + 4oia2fc^ 

When k is zero, or when the coupling is very loose 61 = ai 
and 62 = «2. That is, the damping factors at resonant frequen- 
cies are the same as the natural damping factors of the primary 
and secondary circuits. By damping factor is meant the ex- 
ponent of €, the base of the natural logarithms, Art. 95. This 
exponent we have designated by 6. It has been shown thisit the 
logarithmic decrement, or decrement is 5 = bT, where 6 is the 
damping factor and T the period. Since there are two resonant 
frequencies, there will be two decrements for closely coupled 
circuits. These in general are: 

and jt ^2 

1 Cohen, Bulletin Bureau of Standards, Vol. 5, p. 638. 



CHAPTER IX 

PRACTICAL TRANSMITTING APPLIANCES AND 
METHODS 

114. Radiotelegraphic Systems. — Modern sending stations are 
of two distinct types: (a) the spark or damped wave system and 
(ft) the continuous or undamped wave system. The appliances 
and apparatus used for transmittii^ are determined by the 
type of station employing them. In general the apparatus may 



Fid. 96. — ArliDgton transmittiDE station equipmeiit. 

be classed under three heads: (a) generating, {b) transmitting 
or sending, (c) receiving. Sometimes the first two are classed 
together as transmitting. The actual arrangement of trans- 
mitting apparatus in the Arlii^on station is shown in Fig. 96. 
This comprises a generator shown in the lower left-hand side of 
the illustration; a transformer, not shown in the figure; the two 
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leads in the foreground 
coming up through the 
floor are the high ten- 
sion wires from it; the 
compressed air conden- 
sers are shown in the 
lower middle and right- 
hand portion of the illus- 
tration. The two tanks 
at the left upper part 
of the figure are cool- 
ing tanks from which 
water is circulated 
through the stationary- 
electrodes of the gap. 
The two spiral coils are 
the primary and sec- 
ondary of the oscillation 
transformer. The coil 
at the right above the 
condensers is an in- 
ductance coil in series 
with the antenna. The 
heavy wire from the in- 
ductance coil is the lead 
to the aerial. The 
ammeter on the post 
is on the ground end 
of the antenna and 
indicates the current 
charging up and down 
the antenna. A dia- 
grammatic sketch of 
the installation is shown 
in Fig. 97. 

116. Generating Ap- 
paratus for Damped 
Waves. — The appara- 
tus and connections 
usually employed in damped wave-sending stations are shown 
diagrammatically in Fig. 97. The generating apparatus consists 
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of a variable speed direct-current motor M, or some prime mover 
either belted or direct connected to a single phase alternating- 
current generator, together with the- necessary switchboard and 
control apparatus. The generator is commonly wound for about 
110 to 220 volts and generates a current of 500 cycles per second. 

116. Transmitting Apparatus for Damped Waves. — The trans- 
mitting apparatus consists of the key B, the transformer, the 
spark gap, batterj' of condensers, oscillatingtransformer and aerial 
or antenna. 

117. Key. — In order to transmit intelligence by means of 
radiotelegraphy a signal code consisting of dots and dashes as in 
wire telegraphy is necessary. These signals are formed by short 
and long trains of oscillations. To form these short and long 
trains of oscillations in damped wave transmission, the primary 



Fio. 08.— Transmitting bey. 

circuit of the transformer is opened and closed for relatively short 
and loi^ periods of time by the key B. This key is of the same 
general design as that used in wire telegraphy, with the exception 
that it is heavier, especially the contacts, which are of platinum or 
silver. Fig. 98 shows a modern key. When large currents at 
comparatively high voltage are interrupted, arcing and burning 
of the contacts result. To avoid this objectionable feature, 
the key may be shunted by a resistance, inductive reactance, 
or condenser. The di^p-am shows the key shunted by a resist- 
ance. Another means of overcoming the difficulty is the use of a 
relay key. The relay which carries extra heavy contacts for 
interrupting the alternating current is operated by direct current 
and an ordinary key. The circuits for such a relay are shown in 
Fig. 99. 

Another type of key used is called the "break key." This 
permits the receiving operator to signal the sending operator 
as in ordinary wire telegraphy. One method of accomplishing 
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this is to provide the transmitting key with an extra set of eon- 
tacts so that when the arm of the key is released after a dot 
or dash, it connects the receiving set to the aerial and ground. 
The sending operator can thus hear the signal of the receiving 
operator should he desire to be heard. 

118. The Transformer. — The transformer is an instrument 
for changing by mutual induction the comparatively low voltage 
of the alternating current generator to the high voltage necessary 
to cause the condenser charge to jump across the spark gap. 
Induction coils were formerly used for this purpose, but their 
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FiQ. 99. — Relay. 



power output was limited and their operation was not entirely 
satisfactory. 

The transformer consists of two distinct windings or coils 
around an iron core. The primary winding, P, Fig. 97, is con- 
nected to the generator while the secondary, S, is connected in 
series with the condenser and oscillation transformer. The cur- 
rent in the primary magnetizes the iron core. The magnetic flux 
cuts the secondary winding and develops in it an electromotive 
force. This flux will develop an electromotive force in the pri- 
mary also. Assuming that there is no magnetic leakage between 
the turns, if the e.m.f. induced in one turn is e, then in 'N\ 
primary turns it will be iViC = £i. Since the secondary encloses 
the same flux, the same e.m.f. will be induced in each secondary 
turn and the total secondary e.m.f. will be N^fi = E^, The ratio 
between the e.m.f. induced in the primary and that induced in 

the secondary is evidently -^ = ^ry^ = tt • If we neglect the 

£j2 £h ^ JM 2 
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resistance of the primary, the applied e.m.f. Ea will equal Ei; 

hence we have -ft = tt or 

E2 N2 

The secondary voltage is thus increased in proportion to the 
ratio between the number of turns in the secondary and primary 
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Fig. lOD. — Simple open core transformer or induction coil. 

windings. To raise the primary of 500 volts to 20,000 volts this 
ratio must be 40 to 1. In practice, the primary voltage em- 
ployed may be 110 to 220 volts, while the secondary pressures 
may range from 10,000 to 25,000 volts. 




Fig. 101. — Closed core transformer. 

There are two types of transformers in general use, the open 
and closed core types. The open core type is represented in 
diagram by Fig. 100. It consists of an iron core which does not 
form a closed magnetic circuit, wound with two separate coils. 
The primary, which has a relatively small number of turns of large 
wire, is wound over the core but carefully insulated from it. 
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Over the primary is wound the secondary which consists of a 
great number of turns of fine wire. The closed core transformer is 
represented by Fig. 101. It consists of an iron core which forms 
a closed magnetic path, and is usually rectangular in shape. The 
primary is wound on one leg of the iron core, and the secondary 



FiQ. 102a. — Blitien closed core transfomter mouii1«d and unmounted. 

is wound over the leg, or one-half of the primary is wound on 
each leg and the secondary is wound over these. Two forms of 
complete transformers are shown in Fig. 102a and 102fe. 

Owing to the high secondary voltages developed, special pre- 



Fio. 1026. — Tbordarsoii closed core transformer with magnetic shunt 
control. 

cautions must be taken to insulate the coils. Both types of 
transformers are used in practice, and there is not much choice 
between them. Owing to its compactness, the closed core type 
is used more extensively at the present time. 
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119. Spark Gap.— The function of the gap is to serve as a trig- 
ger for starting the oscillations and for limiting the voltage ap- 
plied to the condensers. 

In the development of radiotelegraphy, the spark gap has under- 
gone about as many changes as any other part of the equipment. 
The old spark gap consisted of two stationary electrodes whose 
distance apart could be varied. This is known as the straight gap. 
The plain or straight gap was used by Marconi and Hertz in their 
early experiments. They used an induction coil and this dis- 
charged sparks which caused damped oscillations to surge up 
and down in the aerial circuit. The connections are shown in 
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Fig. 103. With this type of simple transmitter it was found that 
the great damping of the oscillations was disadvantageous and 
that, in order to transmit any considerable distance, the voltage 
has to be increased to such high values that great difficulty was 
encountered in insulating the antenna properly, especially if 
continuous communication was attempted. 

Next the straight gap was employed to excite a tuned circuit 
coupled inductively to the aerial. This system is shown in Fig. 
104. Larger amounts of power were employed in this system and 
greater distances covered. The transformer replaced the induc- 
tion coil. There were quite a number of drawbacks to this type 
of transmitter. One of the disadvantages was that the note of 
the received signals was very low and rough and it was extremely 
difficult to read the signals during atmospheric disturbances 
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because of the identity of tones. The real cause for its abandon- 
ment came with the enforcement of the act of Congress of Augiist 
13, 1912, to regulate radiocommunication which stated that "at 
all stations the logarithmic decrement per complete oscillation in 
the wave trains emitted by the transmitter shall not exceed two- 
tenths." It was almost impossible to obtain satisfactory results 
with this system and also obey the law; hence its abandonment. 
In the discussion of coupled circuits it was shown that energy is 
transferred from the secondary to the primary unless the gap pre- 
vents the oscillations in the primary. In the straight gap without 
air blasts or other quenching devices, the oscillations continue 
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Fig. 104. 

permitting this reaction. Incidentally more power is consumed, 
which is dissipated in the heating and burning away of the elec- 
trodes. This is the chief objection to the straight gap, and an 
improved design must hot permit this action. There are two 
designs of spark gaps which meet this requirement — the syn- 
chronous rotary gap and the quenched gap. 

The synchronous rotary spark gap. Fig. 105, is a rotatable 
wheel mounted on the alternator shaft or on the shaft of a syn- 
chronous motor operated from the same supply as the transformer. 
The rotating wheel has projections or sparking points on its 
periphery and there are two adjustable stationary electrodes. 
The size of wheel, number and location of the sparking points are 
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varied but bo des^ned that the Btationary and rotating electrodes 
are nearest together at the instant when the alternating, high 
potential voltage is at its maximmn value. The oscillations in 
the closed circuit continue as long as the discharge exists, but 
the gap length increases very rapidly and the spark stops and 
the oscillations fall off very rapidly in this circuit. The open 
circuit has, however, been caused to oscillate at its natural period 
and there is less interference as in the case when the oscillations 
in the closed circuit persist. In this manner the damping is 
reduced which is called quenching, and there is a musical note 



Fio, 105. — Synchronous rotary gap. 

produced in the telephones of the receivii^ outfit which is an 
advantage over the straight gap. 

In order to secure correct adjustments of a synchronous gap 
the stationary electrodes should be adjusted to give only a small 
clearance, 3-^2 inch or less, and then they should be adjusted in the 
direction of rotation until the spark ceases to waver. If the dis- 
charge does not occur at the peak of the e.m.f. wave, the spark 
has a wavering appearance. When the discharge takes place 
at the peak of the wave there is no apparent wavering and 
at the same time the note of the spark will become much 
clearer. 

There is another type of gap which is more efficient than either 
of those mentioned above and which at the present time bids 
fair to replace completely the other types as a transmitter of 
damped oscillations. It is called the quenched gap and is a 
series gap made up of several plates usually of copper placed very 
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close together and separated by insulating rings of mica or rubber 
which form air-tight chambers between the plates. 

120. Quenched Gap."— "It was found by M. Wien that if a 
series of short spark gaps be substituted for a single long gap 
and a discharge passed through them, the discharge path returns 




much more quickly after discharge to its initial condition of high 
resistance. This is a result of the more rapid deionization of 
the gap and is called the quenching action. The quenching ac- 
tion is increased if the surfaces of the gaps are of silver or copper 
and the gap is kept cool and air-tight. In Fig. 106 is shown a 
cross-section of a single gap showing the insulating gasket between 
the plates which renders the gap air-tight, the silver sparking 
surfaces and the flanges to provide a large cooling surface. The 
insulating gasket may be of paper, mica, or rubber, and is about 
0.2 mm. thick. Its thickness is exaggerated in the figure, A 
number of such gaps are stacked in series 
and clamped together, and either the leads 
to the gap are provided with cUps so that the 
number of gaps used may be varied or 
means are provided for short-circuiting as 
many of the gaps as desired. A plate of an 
improved quenched gap designed at the 
Bureau of Standards is shown in Fig. 107. 
The construction is such as to permit air 
Fia 107 circulation on both sides of each gap. This is 

accomplished by inverting alternate plates." 
While close couphng with the secondary circuit in the case 
of ordinary spark gaps is to be avoided, since it causes the gen- 
eration of two frequencies of which only one can be utihzed, good 
working of the quenched gap, on the other hand, requires a fairly 
close coupling between the primary and secondary circuits. This 
secures high efficiency and still permits a single wave to be ob- 
1 CiTcular 74, Bureau of Standards. 
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tained. The effect of the quenched gap upon the oscillating dis- 
charges will be understood when the resulting waves are compared 
with those of a straight gap, Fig. 90. 

In the plain gap there is a transfer of energy from primary 
to secondary and back again and all of the energy is not radiated 
into the aerial. However, in the quenched gap the spark is 
quickly extinguished because of the cooling action of the gap and 
there is no transfer of energy back to the primary, Fig. 91. 
There are two advantages of the quenched gap, greater eflSiciency 
and less interference between 
the primary and secondary cir- 
cuits, which means the radi- Jj 
ation of more energy on a purer Si 
wave. In addition, on account < 
of the quenching effect, the 
transmission may be at a 
greater speed. This facilitates 
the receiving of signals under ^ 
atmospheric disturbances. The Sc 
connections for the quenched | 
gap are similar to those for a 
straight spark gap, using a 
transformer. Best operation 
is generally obtained when the inductance in the primary circuit 
is somewhat greater than that required for resonance. On 
account of the rapid quenching of the gap, the supply alternator 
may have a frequency of 500 cycles and adjustments made so 
as to obtain one spark per alternation. 

Proper coupling of two circuits using a quenched gap is very 
important. If the coupling of a tuned quenched gap circuit 
be varied, and simultaneous readings of current be taken in 
both the primary and secondary, it will be found that the primary 
current is a minimum when the secondary current is a maximum. 
This is evident from Fig. 91. Under these conditions the oscil- 
lations in the primary cease at the moment it ceases to deliver 
energy to the secondary and as the secondary cannot return any 
energy it continues to oscillate in the secondary. Fig. 108 shows 
the variation in primary and secondary current intensity with 
coupling. 

121. The Condenser. — There are many kinds of transmitting 
condensers used in wireless telegraphy and each has its own field. 
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All types consist of two conducting surfaces separated by a dielec- 
tric which is some insulating material that will withstand the 
high voltages necessary to produce a spark without breaking down 
itself. Fot small size sets a Leyden jar or jars are used. These 
consist of a glass jar coated inside and out with metal foil to a 
height somewhat below the top. However, the volume occupied 
is larger for the capacity than some other kinds of condensers. 



Fig. 109. — Compresaed air condenaera. 

Plate condensers are also made. These have glass plates for the 
dielectric and are coated with metal or foil. Others are made of 
sheet metal separated by insulators and immersed in oil as the 
dielectric. In the ordinary air condenser the spaces are compara- 
tively short and the air ia subjected to a pressure of only one 
atmosphere. Such condensers cannot, however, be used when 
the transmitting voltages are high. The dielectric strength of air 
increases with pressure. This fact is utilized in making air 



TRANSMITTING APPLIANCES AND METHODS 171 

condensers for high-power stations, Pig. 109. Such condensers 
are made of a large number of circular metal plates each separated 
from the others by insulating spacers. Alternate plates are 
connected together electrically, thus forming two seta. One of 
these sets is connected to the enclosing metal tank and the other 
to a terminal brought out through the top cover. The air in the 
tank is compressed up to 200 or 300 pounds per square inch. 
A gauge on the tank cover indicates the pressure. Such condens- 
ers have the advantage of low energy loss, but the disadvantage 
of being quite bulky. A size commonly used has a capacity of 
about 0.005 X 10"* farads. 

To increase the capacity without increasing the volume of 
the condenser, the same type of construction may be employed, 
but instead of air, ordinary petro- 
leum oil may be used for the di- 
electric. The increase in capacity 
is due to the higher dielectric con- 
stant of oil. 

122. Oscillation Transformer. — 
The purpose of the inductance, 
together with the condenser, is to 
produce electric oscillations in the 
primary or closed circuit, and to 
transfer oscillating energy from this 
closed circuit to the open or aerial 
circuit. This transfer is accom- 
plished by induction by means of „ „ 

\ .,,•'. , ■' FiO. 110.— Bureau of Slandarda 

the oscillation transformer. spiral OBcillation tranBformer. 

The oscillation transformer con- 
sists of two coils both either helical or spiral and so constructed 
that their relative positions can be adjusted. In the case of 
the helical coils one may slide inside of the other and with the 
spiral eoila they may slide or rotate on axes outside of the coils, 
Figs. 110 and 111. One coil of the oscillation transformer called 
the primary is connected to the closed oscillatory circuit and 
the other called the secondary is connected to the open oscillatory 
circuit. It is usually found necessary to connect an additional 
inductance coil which is called a loading coil in series in the open 
circuit. 

A helical coil transformer is shown in Fig. 112. This particular 
design is wound with copper ribbon or strip — the primary turns 
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being 3^ inch wide and the secondary ^g inch wide. Four 
clips are included so that either inductive or direct coupling may 
be used. An oscillation transformer whose coupling may be 
varied by sHding the secondary along the commoQ axis is shown 
in Fig. 113. 

123. The Antenna. — The antenna is the radiator by means of 
which a portion of the energy of the oscillating system is radiated 
into space. The antenna consists of a system of wires in the air 
called the aerial, a variable inductance, the secondary of the 
oscillation transformer, a variable condenser, and the ground 
connections. These parts are shown diagrammatically in Fig. 97. 



FlO. 111. — Spiral OBoillation transformer. 

The aerial and the ground are the equivalent of two plates of 
a condenser which connected in series with the inductance form 
an oscillatory open circuit. In some instances the ground may be 
a poor conductor, or for other reasons it may be impossible or 
inadvisable to connect the aerial with the ground. Under such 
circumstances a network of wires, corresponding to the aerial, 
is supported above the ground upon insulators. This network 
of conductors is known as the couvierpoise. 

The most effective radiator has an elongated form because 
in this case the oscillations of the electromagnetic field surround- 
ing it are of large amplitude and pass out into space more freely 
than in the case of a short circuit. 
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The aerial uaed in early experiments consisted of a single 
vertical wire. This was suitable only for small amounts of power 




Fia. 114. — Inverted L-type aerial. 

and for transmitting short distances, but when greater range was 
sought and the power increased, it became necessary to modify 
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the design by increasing the number of wires and suspending them 
at a greater height. The greater the height, the greater will be 
the energy content of the electromagnetic waves which it can 
radiate. The larger it is, the greater will be its capacitance and 
the more energy can be oscillated in it for a given charging 
volt^e, A great many different types of aerials have been 
used depending upon the conditions of the installation. There 
are three general types of aerials at present: the flat-top aerial, 
Fig. 114, used on land and ship stations having two or more masts 



Flo. 115.— Umbrella type aerial. 

to support it; the umbrella aerial, Fig. US, used for portable 
stations or those having a single mast with plenty of surrounding 
land; and lastly, the ungrounded aerial employed on aeroplanes. 
The flatr-top aerial is either inverted L or T type, depending 
upon whether the connection to the station or "lead-in," as it 
is termed, is taken from one end or in the middle. Fig. 114 
illustrates the inverted L, and Fig. 116 shows the T type aerial, 
respectively. The umbrella aerial is shown in Fig. 115. This 
is a very important type and is being employed at present in the 
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Signal Corps to a very great extent.^ The aerial on an aeroplane 
consists of a single wire suspended from the machine. The 
metal parts such as motor and frame serve as counterpoise. 
There is also another type of antenna upon which considerable 
experimentation has been done recently. This is known as the 
ground antenna. Up to the present time this has been used prin- 
cipally for receiving, although quite a number of experiments 
have been made employing it for transmitting purposes. The an- 
tenna consists simply of two long wires extending in opposite 
directions from the station and supported at a height varying 
from 1 to 10 feet and insulated from the ground. For re- 




FiQ. 116. — ^T-type aerial. 



ceiving purposes only, the wires may be stretched on the ground. 
One of these wires serves as the aerial and the other as the ground 
or counterpoise. This type of antenna is equal to the vertical 
antenna of the same dimensions in radiating and receiving 
properties. It has one very marked characteristic, directivity, 
that is, the radiation from the aerial is confined to a narrow 
angle, and if reception is attempted beyond this narrow zone 
there is a very great diminution in the energy received. The in- 
verted L type of aerial possesses this characteristic but the effect 
is not so distinct. 

^ Recent reports convey the information that it is being discarded. 
18 
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There are a great number of advantages of this directive effect. 
Aa a transmitter, it permits the maximum energy to be transmit- 
ted in one direction; it permits partial secrecy of messages, an 
important consideration in war times. As a receiver, it decreases 
the interference from stations not in the direction of maximum 
sensibility, and serves as a means of determining the direction of 
the transmitter. 

124. Grounding. — The antenna must be well insulated espe- 
cially at the ends of the wires to prevent large leakage currents 
to ground which decrease the eflSiciency of the station. These 
insulators must be constructed to withstand the high potentials 
employed in transmitting. At the point where the aerial "lead- 
in'' enters the station a good insulator must also be employed. 
If the aerial is supported by masts the guy wires should be in- 
sulated from the ground and the aerial also insulated from the 
mast. It is also advisable to insulate steel towers from the 
ground. The towers at the Arlington station, Radio, Va. are 
insulated by marble and concrete slabs securely anchored in 
the ground. For grounding, by-passes are provided which may 
be connected to the towers by switches when it is desired as in 
the case of severe lightning storms. 

The ground connection, or its equivalent, is just as important 
as the aerial in the propagation of electromagnetic waves. The 
best ground consists of plates of large area buried in the earth 
and connected to the station apparatus by soldered connections 
or a large number of wires radiating from the station beneath 
the surface of the earth. Ground connections for a ship station 
are made by connecting the aerial to any portion of the steel 
structure of the ship. The connections must be of very low 
resistance because the ground is a part of the open oscillating 
circuit, and increasing the ground resistance will decrease the 
high currents used in transmitting, and damp the emitted waves. 
If the ground is poorly conducting or nonconducting, which is true 
of dry sandy soil, nonconducting rocks such as marble or slate, or 
if ground water is absent or at a great depth, the counterpoise, 
which is a wire network parallel to but insulated from the ground, 
will perform the function of a direct ground connection. The 
counterpoise is used also for portable sets. In the Signal Corps 
pack sets the counterpoise consists of long rubber-covered wires 
laid radially from the station on the ground. The rubber cover- 
ing insulates the counterpoise from the ground and the wires 
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taken together serve as the plates of a condenser. The use of 
the counterpoise on an aeroplane has been referred to above. 

126. Wave Length of Antenna. — The wave length as given 
by the formula X = 1.884 X 10^\/LC meters, Chapter VI, was 
derived on the assumption that the capacitance and inductance 
were concentrated at two definite parts of the circuit. This is 
not the case with an antenna whose capacitance and inductance 
are distributed. As every part of the antenna is separated from 
the ground by a dielectric; the capacitance is distributed from 
the base to the end of the antenna. Likewise every part of the 
antenna carries a current, although the magnitude of this current 
may be different at different points, and hence the inductance is 
distributed over the whole length. A circuit analogous to a 
simple antenna is shown in Fig. ^ ^ i ^ ^ ^ 

117. It is very evident that 
the magnitudes of the currents 
are different in different por- 
tions of such a circuit. Part 
of the main current is shunted 
by condenser Ci, another 
part by condenser C2, etc. 
It is also clear that this is 
merely an assembly of coupled 
circuits each one of which will 

have its own resonant frequency; hence, the current values in the 
different parts of the circuit will vary greatly with frequency. 
While there is some frequency at which the current 7 is a maxi- 
mum, this is not the frequency of either of the separate circuits. 
In fact such a circuit will have several or many resonant frequen- 
cies, none of which will give the wave length mentioned above. 

The similarity between the circuit, Fig. 117, and an antenna 
will be evident if we consider Fig. 118. This shows a single wire 
separated from a ground connection by an air gap. The earth 
is one plate of the condenser and the wire is the other. Between 
these is the air of varying thickness. The capacitance of the 
antenna per unit length varies from the base up. The dotted 
condensers connected to earth and to different points on the 
antenna represent this. The similarity between this and Fig. 
117 is very evident. There is this difference, however, the 
capacitance of the simple antenna per unit length changes cojn- 
tinuously while in Fig. 117 the changes are abrupt. 



Fig. 117. 
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If we consider the simple antenna to be excited by an adjacent 
circuit and a current flowing up into it, than it is evident that 
some of the current is shunted by the capacitance path to the 
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FiQ. 118.- 



-Diagrammatic representation of distributed capacitance and in- 
ductance of an antenna. 



ground, that is, through the phantom condensers Ci, C2, Cs, etc. 
The consequence is that the current intensity or amplitude will 
be a maximum at the ground and zero at the top. If we repre- 
sent the current intensity at any point on the antenna by a line 
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Fio. 119. — Relative magnitude of 
current at different points of an an- 
tenna. 
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Fio. 120. — Relation between 
wave length of first harmonic 
and height of simple antenna. 



at right angles to the antenna, such as ab, Fig. 119, and join 
the ends of such lines we get the curve 01. Similarly, the voltage 
distribution along a simple antenna is shown by curve AE^ 



TRANSMITTING APPLIANCES AND METHODS 179 

These two curves are approximately sinusoids, and it is evident 
that the length of the antenna is equal to one-fourth of a wave 
length, or a h represents the height and X the wave length, the 
conditions for the simplest oscillations of a simple antenna are 

X = 4/i, approximately. 

If h is measured in meters, X will also be in meters. 

The frequency which gives X = 4A is, however, not the only 
frequency to which such an antenna will respond. In every case 
the current amplitude at the top will be zero and at the base 
a maximum. The next simplest oscillation is that shown in Fig. 
120. In this case 

h = %\oT\ = %h 
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FiQ. 121. — Distributed capacitance and inductance of a flat top aerial. 

which is one-third of the fundamental wave length. Since X 
varies as 1//, the second frequency must be three times the 
fundamental. An exact analogy is found in the oscillations 
of air in an organ pipe closed at one end and open at the other. 

A more exact similarity exists between the circuit of Fig. 117 
and a flat top antenna. Fig. 121. The fundamental wave length 
of such an antenna is roughly approximate to four times the 
length of the horizontal portion of the aerial. 

126. Wave Length of Loaded Antenna. — In practice it is 
necessary to insert a variable inductance or a condenser in series 
with the aerial for the purpose of modifying the natural fre- 
quency of the aerial. The increase of inductance in the antenna 
circuit will reduce the frequency or increase the wave length, 
while the insertion of a capacitance has the opposite effect. 
An antenna to which a coil or condenser has been added is called 
a loaded antenna. The natural fimdamental frequency of such 
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an antenna will depend to a great extent upon the loading, and 
as the loading is increased the more accurate is the value of the 
frequency calculated by the formula 

1 



2ir\/LC 

assuming L and C concentrated. 

If Lo and Co are the distributed inductance and capacitance^ 
of an antenna, then at low frequencies the equivalent concen- 
trated inductance is, with close approximation, given by -^. If 

L is the loading coil inductance, the total inductance is L + «-^; 

hence, the resulting fundamental frequency is 

1 
/ = 



2.^(l + |^)c 



and the wave length X = 1.884 X 10M(l + ^)Co nieters, 

where L and Lo are in henries and Co in farads. 

127. Constants of Antennas. — It has already been mentioned 
that the energy suppUed to the secondary of a coupled circuit 
is spent in three ways: namely, (a) Radiation, (6) Heat, due to 
resistance of conductors; (c) Reaction, due to the primary or 
other circuits. To these may be added heat generated in the 
dielectric, or dielectric hysteresis, and at high voltages discharges 
from the wires. Since the antenna forms the secondary of a 
coupled circuit, energy suppUed to it is dissipated in exactly 
the same way. 

(a) Energy Radiated. — For efficient transmission the amount 
of the energy radiated should be a large per cent, of that 
suppUed to the antenna. The ideal antenna would be one that 
would radiate 100 per cent, of the energy received. This is ob- 
viously impossible; nevertheless Uke all appliances for trans- 
formation of energy great improvement in this respect has been 
made in antenna design. The amount of energy that an antenna 
will radiate depends upon its form; it is proportional to the square 
of the effective current at the air gap; and proportional to the 

• 

square of the frequency of oscillations, or in other words, in- 

^ Formulas for calculating these are given in Circular of the Bureau of 
Standards No. 74. 
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versely proportional to the product of the inductance and 
capacitance of the antenna. 

Radiation Resistance or Coefficient. — Since the energy transfer- 
red by the antenna to the electromagnetic waves is proportional 
to the square of the eflfective current, the process by which the 
energy is transferred is considered analogous to the transforma- 
tion of electrical energy into heat by the resistance of a wire. 
The factor by which the square of the cmrent is multipUed to 
give the energy radiated is by analogy called the radiation re- 
sistance. A better term for this is "radiation coefficient.'' The 
student must be careful and not confuse radiation resistance with 
the ordinary resistance which converts the energy of the current 
into heat. 

The radiation resistance is equivalent numerically to that re- 
sistance, which, if inserted in the gap in an antenna would dissipate, 
in heat, the same amount of energy as that radiated by the an- 
tenna. The radiation resistance depends upon the physical 
constants of the antenna. Briefly it may be stated that it de- 
pends upon the height of the antenna above ground and fre- 
quency of the transmitted wave. More exactly it can be shown 
by higher mathematics that the radiation resistance of a simple 

1580 X h^ 
grounded oscillator is approximately equal to Rr = rj > 

where h is the height of the antenna above ground and X is the 
length of the transmitted wave. Since both h and X vary with 
the type of antenna used in practice, it is found necessary to 
multiply A by a factor a called the form factor of the antenna. 
The product ah is called the eflfective height. The eflfective 
height is also defined as the distance from the ground to the 
center of the capacitance. This may in practice be difficult to 
determine. For example Fuller^ in describing the antenna of 
the Federal Telegraph Company at Honolulu gives the follow- 
ing data: 

Triangular flat top antenna, supported on two 440 ft. and one 
608 ft. towers. The towers are at the vertices of an equilateral 
triangle 600 ft. on a side. In addition, an umbrella antenna is 
strung from the back side of the 608 ft. tower approximately 
around an arc of ISS'^. The center of capacity is very close to 
394 ft. It is very evident that the determination of the eflfect- 
ive height of such an antenna is a difficult and laborious process. 

iL. F. Fuller, Transactions A.I.E.E., Vol. XXXIV, p. 814. 
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Ezamples 

1« What is the radiation resistance of the Honolulu antenna mentioned 
above when sending on 1000 meters? 
Solution 

Rr = 1580 j^- 

Data 

. A = 394 ft. = 120 meters 

X = 1000 meters. 

120* 
Then Br - 1580 X jQ^Qi 

= 23 ohms approximately. 

2. How much energy per second is radiated by the antenna when the 
current at the base is 25 amperes? 
SoliUion 

Energy = PRr 

= 25« X 23 

= 14.3 kw. approximately. 

The variation of radiation resistance with wave length of 
antenna is shown by curve (a) Fig. 122. 

(6) Heat Loss. — The energy converted into heat by the electrical 
resistance is also proportional to the square of the effective 
current and varies somewhat with frequency, but this variation 
is slight in comparison with other variations; hence the electrical 
resistance for approximate calculations may be considered con- 
stant. This relation is shown by the straight line (6) Fig. 122. 

Energy is also wasted by dielectric absorption, that is, the 
medium intervening between the aerial and the ground. The 
amount of this energy loss depends upon the presence of trees, 
buildings, hills, rocks, etc. When imperfect dielectrics are pres- 
ent the energy absorbed by them is approximately proportional 
to wave length. If we consider this energy as dissipated by a 
resistance, the variation in the energy dissipated may be consid- 
ered as due to a resistance which varies with wave length. Such 
a relation is shown by the straight line (c), Fig. 122. 

Assuming that all of the energy spent or dissipated by the 
antenna is due to a resistance, then the curve representing the 
variation in this resistance with frequency is obtained by com- 
bining curves (a), (6), and (c). Fig. 122. The resultant curve is 
(d). This curve shows that there is one frequency at which the 
antenna resistance is a minimum. At this frequency the energy 
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radiated at a given impressed voltage is a maximum. It has 
been determined experimentally that for modem quenched gap 
transmitters the most efficient wave length for transmission 
is between 1.75 and 2 times the fundamental of the antenna. 
Thus, if the natural wave length is calculated by the formula 



M''+j) 



X = 1.884 X 10» 



the most efficient wave length for quenched spark gap transmis- 
sion is about 2X. 




Wave Lenqth X 
Fia. 122. — Variation in antenna constants with wave lengths. 

128. Undamped Wave Transmission. — When the spark method 
of transmission is used the resulting oscillations in the antenna 
circuit are damped due to the dissipation of energy. The manner 
in which energy is dissipated has been explained. If energy is 
supplied to the antenna circuit as rapidly and synchronously 
as it is dissipated; there results a sustained or undamped oscilla- 
tion and wave. The continued oscillations of a clock pendulum 
or of the balance wheel of a watch are analogous. Just enough 
energy to compensate for that dissipated in friction is supplied 
by the clock mechanism and as this energy is supplied at the 
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proper time, the pendulum continues to vibrate through the same 
amplitude. That is, its vibrations are undamped. 

To produce undamped oscillationB the impulses must come at 
r^ular intervals and be of equal magnitude. There are in prac- 
tice several distinct methods of producing undamped oscilla- 
tions, three of which will be described. These may be classed 
under the following heads: (a) Alternator method; (&) Arc 




Fid. 123. — SectioQ of AleiaDderson alternator. 

method, and (c) Vacuum tube method. The last will be ex- 
plained separately in a later chapter. 

129. (a) Alternator Method.— The alternator is an electric 
generator which develops an alternating electromotive force. 
An alternating electromotive force and current have been ex- 
plained in Chapter V. The ordinary commercial alternator is 
not suitable for radiotelegraphy on account of its low frequency, 

which is given by / = ^ X ' „,. - cycles per second, where p is 
the number of field poles and where r.p.m. is rotations per min- 
ute. An alternator for radio-frequencies of the same design 
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as the commercial alternator would require an enormous number 
of poles, and would have to be operated at an excessively high 
speed. In short, the commercial type of construction for an 
alternalior of radio-frequency is impractical. 

The high frequency altei'nator differs from the commercial 
machine in design although the principles of operation are the 
same. Radio-frequency alternators are of two types conunonly 
known by the names of their inventors. 

130* The Inductor Alternator. — This alternator was first 
designed by Professor Pessenden and perfected by Mr. Alexand- 
erson, and hence is commonly known by the latter's name. The 
principle of operation of this alternator will be more readily 
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Fig. 124. — Alternator connected to aerial. 

understood by reference to Fig. 123. The essential features are 
a rotor R and a stator S, The rotor is a steel disk with an en- 
larged rim. The rim is milled radially as shown in section (a). 
The stator contains both the field and armature windings. The 
field coil is concentric with the shaft and completely surrounds 
the rotor. When direct current is sent through this coil, it 
magnetizes the stator as indicated, making a north pole on one 
side of the disk and a south pole on the other side. The armature 
winding is a single-turn wave winding threaded through the 
armature faces A as shown in section (6). Since the reluctance 
through the teeth of the rotor disk is less than through the slots, 
the distribution of the magnetic field will not be uniform. The 
magnetic lines will be bunched as indicated in (a). As the rotor 
turns, the flux will shift with it and as the flux cuts the armature 
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windings an alternating e.m.f. is induced. The armature ter- 
minals are connected directly into the antenna circuit as indicated 
in Fig. 124. 

It is obvious that so long as the excitation and speed remain 
constant undamped oscillations are produced in the antenna. 
Variations in the excitation will produce variations in the ampli- 
tude of the oscillating currents, hence the sending key is placed 
in the exciting or direct current circuit. The normal frequency 
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Fio. 125. — Diagram to illustrate principle of Goldschmidt alternator. 

of the Alexanderson alternator is '^' X T where T is the number 

60 

of teeth on one side of the disk. The Alexanderson alternator 

is being built for frequencies up to 200,000 and over. 

131* Goldschmidt Alternator. — The Goldschmidt undamped 

wave generator operates on a quite different principle. This 

alternator is in reality a frequency changer whose principles of 

operation may be briefly explained as follows: The essential 

parts of a stationary field common power-alternator are shown 

in Fig. 125. The field is excited by direct current so that the 

magnet poles are alternately north and south. 
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Assuming a clockwise rotation of the armature, each conductor 
under a north pole such as a will have an e.m.f, induced in it, 
whose direction is into the paper* When conductor a occupies 
the position of a' the e.m.f. induced will be out of the paper. 
When it has reached position c', the induced e.m.f. is again in or 
from the front of the armature toward the back. Thus the e.m.f. 
has passed through a cycle during the passage of a conductor 
from under one pole to a corresponding position under the next 
like pole. 

The frequency of the induced voltage evidently depends upon 

the number of pairs of poles composing the stationary field and 

angular speed of the armature, or what amounts to the same thing, 

relative speed between field poles and armature. K the rotating 

part or rotor windings form a closed circuit, evidently a current of a 

V r p m 
frequency / = o '^ 60 ^^ ^^^ ^^ ^*" '^^ current is siu-- 

rounded by a magnetic field which alternates with it and which 
by its alternations induces e.m.f . in the stator. That is, the alter- 
nating current in the rotor reacts upon the stator according to 
the fundamental principle of energy transfer previously explained. 
The interesting question arises: What is the frequency of this 
e.m.f. induced in the stator? We saw that the current in the 
rotor winding changes direction every half cycle. If the current in 
conductor flows in at a and out at 6, that part of the rotor between 
a and 6 is a south pole and that part between b and c is a north pole. 
One-sixth of a revolution later conductor a is at a' and 6 is at b'. 
Diu'ing the time required for this one-sixth revolution the ciurent 
in the armature has reversed; that is, from a maximum in one 
direction it has changed to a maximum in the other direction. 
.The resulting magnetic field has likewise been reduced to zero and 
back to its former magnitude. By applying the rule for deter- 
mining the direction of magnetic field around a ciu'rent-carrying 
wire we find that the space ab is again a maximum south pole. 
The magnetic field thus passes through a complete cycle while 
the rotor ciurent passes through one-half a cycle. The frequency 
of the e.m.f. induced in the stator winding by this fluctuating 
flux will have the same frequency, namely, twice the frequency 
of the rotor currents. Thus, starting with a direct ciurent in the 
stator, the reaction of the rotor currents produces an e.m.f. of 
twice their frequency in the stator windings. Ordinarily this 
alternating e.m.f . in the stiator is small, and in power machinery 
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would be suppressed, but in the Goldschmidt alternator the cur- 
rent produced by it is ampUfied and reacts upon the rotor produc- 
ing in its windings an e.m.f . of the same frequency, which by the 
motion of the rotor is increased to three times the fundamental 
frequency. The resulting current of triple frequency is again 
amplified and by its action on the stator winding produces an 
e.m.f. of foiu* times the fundamental frequency. The student 
must understand that Fig. 125 illustrates principles only, but not 
actual construction. 

It has been stated that currents of double and triple frequency 
are amplified. The manner in which this is done may be under- 
stood from the diagram Fig. 126. The coils R and S corre- 
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Fia. 126. — Diagram of circuits of Goldschmidt alternator. 



spond to the rotor and stator windings of the alternator. The 
stator is magnetized by a current from the battery B through a 
reactance which prevents the high frequency currents from 
flowing through the battery. The rotor winding is connected in 
series with a condenser C3, inductance L2 and condenser C4. 
These are adjusted until the circuit consisting of iZ, C3, L2 and 
C4 is resonant to the fundamental frequency of the rotor currents. 
That is, the reactance of this circuit is zero to the currents of 
fundamental frequency. As a consequence, a comparatively 
small e.m.f. produces a relatively large current in the resonant 
circuit. These currents produce an e.m.f. of double frequency 
in the stator winding S, which is tuned to this double frequency 
by means of the cpndeiiser C\^ inductance Li and qoiidenser Cj. 
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These double frequency ciurents produce triple frequency currents 
in the circuit BCzC^, which is made resonant by means of con- 
denser C5. The reaction of these triple frequency currents 
on the stator produces quadruple frequency currents in the 
circuit consisting of the stator windings and the antenna which 
is made resonant to them. The ampUfication is secured by 
making the parallel circuits resonant to the different frequencies. 

Example 

A Goldschmidt alternator has 360 poles and is driven at a speed of 4000 
r.p.m. What is the frequency of the currents supplied to the antenna? 
Solniion 



p r.p.m. 



360 4000 . 



= 48000 cycles per second. 



^ww 








Fig. 127. — Double contact key for Goldschmidt alternator. 

The transmission key is inserted in the battery or exciter circuit. 
Since the variation in the load on the motor during sending 
will change its speed, a special form of sending key is used. 
This is a double contact key, Fig. 127, the back contact auto- 
matically opening and closing a short circuit to the motor speed 
regulating rheostat. When the shunt to the rheostat is opened, 
i.e., when the key is depressed, the resistance of the motor field 
winding is increased. This weakens the field and the speed 
tends to increase. When the key is released the rheostat is 
short-circuited, the motor field is strengthened and the speed 
tends to decrease. The rheostat is adjusted so that the changes 
in speed produced by the variations in the load are compensated 
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by the successive and synchronous changes in motor field 
strength. 

132. The Arc Generator. — When two carbon electrodes are 
connected to an e.m.f. of at least 50 volts and if after contact 
they are separated slightly, Fig. 128, an arc will form at the 
point of separation. The current is carried across the space be- 
tween the electrodes by a stream of vapor which issues from one 
electrode. 

As the arc conductor is a vapor stream of electrode material, 
energy must be expended before arc conduction can take place. 
The arc, therefore, does not start spontaneously if sufficient 
voltage is supplied to maintain it, but the arc must first be 
started. This is done by bringing the electrodes together and 
then when the current has started to flow separating them. The 





ARC 



Fio. 128. — Simple arc. 

characteristics of the arc are such, however, that if only the simple 
connections shown in Fig. 128 are used, it will not be steady. 
That is, the current will not remain constant. This is due to the 
fact that the voltage necessary to maintain the arc decreases as 
the current increases, or what amounts to the same thing, the 
voltage across the arc varies inversely as the current. This rela- 
tion between the voltage and current across a 3^ inch arc is 
shown by the curve in Fig. 129. This characteristic of the arc is 
utilized in producing undamped oscillations of radio-frequency. 
The principles of producing oscillations by the arc method 
can be readily understood by reference to Fig. 130. An induc- 
tance and condenser are connected in parallel with the arc; 
a variable resistance to control the current, and a choke coil to 
check surges of oscillations from flowing back through the mains 
are placed in series with it across the direct-current supply of 
500 volts or more. When the shunt condenser circuit is closed, 
a portion of the current charges the condenser and thus reduces 
the current flowing through the arc. However, owing to the 
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falling characteristic of the arc, as the current decreases the 
potential across the arc increases and the condenser continues to 
charge. When equilibrium has been reached, the condenser be- 
gins to discharge across the arc. This increases the arc current 
and decreases the pressure across it. The character of the dis- 
charge will be much the same as that described in Art. 90 and 
an alternating current will flow in the condenser circuit the 
frequency of which is determined by the constants of the 
circuit. 
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Fio. 129. — Variation of voltage across arc with current. 

The Poulsen arc system is shown in Fig. 131. The arc is 
composed of a positive electrode of copper which is water cooled 
and a negative electrode of carbon which revolves slowly in order 
to insure an even burning down of the carbon which has to be 
replaced frequently. The whole arc is enclosed in an atmosphere 
of hydrogen which cools the arc and keeps the air from the elec- 
trodes and reduces the burning away. In many cases alcohol 
is used and the alcohol drips into the arc chamber. There is 
also a strong magnetic field at right angles to the arc which keeps 
the arc steady. This, however, is not absolutely necessary. 

10 
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The connections for the transmitting key in this system are 
shown in Fig. 131. The characteristics of the arc are such that 
the key cannot be used to make and break the arc circuit. If 
this were done, the arc would go out at the first break and would 
not reignite until the electrodes were brought together agam. 
The arc circuit must, therefore, be kept closed during trans- 
mission. As shown in Fig. 131, the method employed is to short- 
circuit successively a few turns of the antenna inductance coil 
and thus change the transmitting wave length by only a few 
per cent. If the receiving station is tuned sharply to the wave 
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produced when key is closed, with the key open no signal will 
be heard, and thus it is possible to send messages by means of 
dots and dashes. The waves transmitted are of two frequen- 
cies and lengths. The wave produced when the key is open is 
commonly called the "compensation'' wave, a term which is a 
misnomer. A better name would be "asynchronous," wave, 
for it is not in tune with the receiving circuit or if musical 
terms are preferred, "dissonant" or "discordant" is to be pre- 
ferred. When the tuning at the receiving station is not sharp, 
it is frequently difficult to distinguish between the synchronous 
or transmitting, and asynchronous waves, and difficulty of com- 
munication is experienced. 

The undamped oscillations have a great many advantages over 
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the damped oscillations for radiotelegraphy. Observations 
show that in the propagation over the earth's surface undamped 
oscillations are absorbed less rapidly than damped oscillations 
and thus for the same power at the transmitting station the 
distance covered by the undamped system is greater than that 
by the damped, other conditions being equal. Also undamped 
oscillations permit greater sharpness of tuning and looser coupl- 
ing can be employed at the receiving station. This reduces the 
interference from other stations and from atmospheric condi- 
tions. As indicated previously, the undamped sjrstems are more 
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efficient than the damped. The voltage induced in the antenna 
in the undamped is much less than for the damped and conse- 
quently larger amounts of power can be employed with the same 
insulation. The most efficient wave length for undamped wave 
transmission is approximately three times the fundamental wave 
length of the antenna. 

Up to about ten years ago practically all radio stations were 
transmitters of damped oscillations of the spark type but since 
that time the undamped systems have been developed and used 
more and more until at the present time all the high power 
stations such as those for transatlantic and transcontinental 
service and a great number of smaller stations are of this type 
and this system is rapidly replacing the spark system stations. 
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133. Operation of the Transmitting Set — The timing of the 
transmitting set to a given wave length is vety essential after the 
set has been connected up and before lawful communication can 
be carried on. This operation in order to be complete should 
include four separate and distinct steps, adjustment of primary 
circuit to given wave length, adjustment of secondary circuit 
to the same wave length, measurement of the wave length of 
both circuits coupled together and the making of a resonance 
curve of the emitted wave, and the measurement of the log- 
arithmetic decrement. 

The diagram for measuring the wave length of the closed cir- 
cuit is shown in Fig. 132. ^ The closed circuit is shown at the right. 
The wavemeter or measuring instrument which consists of an 
inductance, variable condenser, and some detecting and indicat- 
ing device such as a crystal detector and telephones, or hot wire 
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Fig. 132. — Diagram of wave meter connections. Coils B and "P are wound on 

an iron core. 

milliameter, hot wire wattmeter, or helium tube. The wave- 
meter must be calibrated previously and the caUbration curve 
available. Usually there are a number of different size induc- 
tances furnished with the wavemeter in order to cover a wide 
range of wave length and calibration curves made for each coil. 
These curves are ordinarily plotted with wave lengths as ordinates 
and variable condenser settings as abscissae. 

The closed circuit is excited by producing a spark at the gap 
which has been reduced to the shortest sparking distance to main- 
tain a spark and not an arc. The inductance of the wavemeter 
is brought up to the primary of the oscillation transformer and 
the capacity of the wavemeter condenser varied until the greatest 
indication is obtained, either the loudest signal in the telephone, or 
the highest current, or maximum watts or the maximum brilliance 

^ Only a simple diagram of wave meter, comiections is shown. Many 
others, some more efficient are shown on page 105 circular of the Bureau 
of Standards, No. 74 Radio Instruments and Measurements, 
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of the helium tube. This point of maximum intensity or reso- 
nance, as it is called, will be very sharply defined if the coupling 
between the closed circuit and the wavemeter is not too close. 
If this resonance point is not very sharply defined the couphng 
should be loosened somewhat. The wave length corresponding 
to the point of resonance can then be read oflf the calibration 
curve. If this wave length is not the desired value the induc- 
tance of the closed circuit can be raised or lowered as the case 
may be by increasing or decreasing the number of turns on the 
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Fig. 133a. — Wave meter coupled to oscillation transformer. 



primary of the oscillation transformer, and repeating the opera- 
tions until the circuit is properly tuned. 

Next the connections are made as shown in Fig. 133a and the 
open circuit excited by a small spark gap as shown. The induc- 
tance of the wavemeter is coupled inductively with the secondary 
of the oscillation transformer and care should be taken to discon- 
nect the primary and thus have the closed circuit, previously 
tuned, open while tuning the secondary circuit. The open cir- 
cuit is tuned in the same manner as described above to the same 
wave length as that of the primary circuit. The case sometimes 
is encountered where the inductance in the secondary of the 
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oscillation transformer is not great enough to reach this wave 
length and it is necessary to load this circuit by putting an addi- 
tional inductance, called a loading coil, in series. 

Another and in some respects a more satisfactory connection 
for exciting the aerial for tuning purposes is shown'in Fig. 1336. 
As here shown, one side of the power transformer secondary is 
connected through a rotary spark gap to the upper end of the 
secondary of the oscillation transformer while the other end of 
the power transformer secondary is left disconnected. The opera- 
tion of the key then produces oscillations of sufficient magnitude 
to permit sharp tuning. 
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Fig. 1336. — Tuning drcuit. 



The measurement of the radiating wave is then made as shown 
in Fig. 134, in which the transmitting set is coupled up in the 
regular manner and the wavemeter is then coupled with a single 
turn in the antenna circuit. The hot wire milliammeter is 
used as the indicating device in this measurement. The trans- 
mitting key is depressed and readings of the ammeter and con- 
denser settings taken as the capacity of the wavemeter condenser 
is varied throughout its range. Then a curve is plotted with 
millamperes as ordinates and wave length or condenser settings 
as abscissas as in Fig. 93. It will be observed that there are 
two peaks in this curve due to the reaction of the magnetic fields 
of the closed and open circuits one upon the other causing the 
antenna to have two periods of oscillation, one of which is shorter 
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than the individual adjustment of the circuits and the other 
longer. No readjustment of the tuning of the circuits can be 
made which will give a single peak in both of the same wave 
length as before, and the only method of obtaining a single peak, 
or a wave of two peaks in which the amplitude of the smaller is 
less than 10 per cent, of the greater as prescribed in the law, is 
to loosen the coupling. Such a single peak at the same wave 
length to which both circuits were tuned individually is 
shown by the solid Une ciirve, Fig. 94. 
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FiQ. 134. — Measuring wave length in antenna. S and P are coils of an iron core 

transformer. 



Having obtained the resonance curve it is possible to calculate 
the logarithmic decrement for complete oscillation of the antenna 
circuit by the following formulas, 



(1) 



(2) 



«i + «2 = 3.14 



«i + «2 = 3.14 



C 



Ci- C 



-_C I P 

r / h' 



where di is the decrement of the antenna circuit, 62 the decrement 
of the wavemeter, which is usually negligible and may be omitted, 
Cr and Ir are condenser setting, or wave. length, and current at 
resonance, Ci and /i are the same for a point below resonance. 
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Fig. 135. — Bureau of Standards transmittiDg sat, froot vim 
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Fio. 136. — Bureau of Standards transmittJDK set, back view. 
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and C2 ftnd 1 2 are the same for a point above resonance. The 
values obtained by the two formulas should be averaged in order 
to obtain the most accurate value. This value should be less 
than two-tenths in order to comply with the law. An actual 
transmitting set designed by the Bureau of Standards is shown 
in Figs. 135 and 136. 



CHAPTER X 

PRACTICAL RECEIVING APPLIANCES AND METHODS 

134. General. — Radiotelegraphy receiving apparatus is a 
combination of appliances for converting the energy of the elec- 
tromagnetic waves produced at the transmitting station into 
signals that can be perceived by one of the senses. As has been 
explained, the energy hofk the transmitting station is radiated 
by the antenna and as it spreads out into space the amount pass- 
ing across a unit area at right angles to its line of propagation 
decreases with the distance from the source. 

Since these waves are propagated close to the earth, irregulari- 
ties in the surface of the earth as mountains will have the effect of 
decreasing the energy still further because of absorption. It 
can readily be seen that at any considerable distances, as those 
covered in wireless telegraphy, there is an exceedingly small 
amount of energy available at the receiving station. 

In order to detect the waves at the receiving station it is 
essential to have an antenna system similar to that employed for 
transmitting, and in most cases the same antenna is used for both 
transmitting and receiving. The waves, which as previously 
described consist of an electric field and a magnetic field at 
right angles to each other, cut the receiving antenna and induce 
alternating currents in it. These currents have the same fre- 
quency as the high frequency currents oscillating in the trans- 
mitting antenna, provided that the receiving antenna system is 
tuned to the same period of oscillation or wave length as the 
sending antenna, or in other words, provided there is resonance 
between the two circuits. It is nearly always the case that the 
natural periods of the two systems are not the same; in fact it may 
be said that it is universally true that they are not the same. Thus 
it is necessary to make them the same. The transmitting wave 
length is fixed by law and the receiving apparatus must be 
adjusted to this wave length. This adjustment is called tuning. 
As it is true in a number of things, the tuning can be carried to 
any degree of refinement required, depending upon the conditions 
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and upon the instruments available. Corresponding to the two 
types of transnaitters — namely, damped or spark and undamped 
wave transmitters — there are two types of receivers, if by receiver 
we mean the receiving appliances as a whole. 

In spark transmission the signals are made by short and long' 
trains of sparks at the gap. Each spark, however, has a frequency 
far above audibility, but a group of sparks may follow each other 
at intervals ranging from 0.02 to 0.001 second, or in other words 
the spark frequency ranges in practice from 50 to 1000. This 
frequency is low enough to operate a telephone receiver. If 
the method of producing the sparks is carefully adjusted so that 
the sparks follow each other at equal intervals, a musical tone 
is heard in the telephones. A necessary condition for detecting 
signals from a spark transmitter is close or accurate tuning. 
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Fio. 137. — Simple receiving 
circuit. 
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Fig. 138. — Simple receiving 
circuit with condenser in an- 
tenna. 



The receiving antenna circuit must respond to the frequency 
of the sending antenna circuit. In addition appliances must be 
provided which will translate the electric energy received into 
signals that can be perceived by some one of the senses, at present 
this is the sense of hearing but attempts have been made to 
transform the received oscillations into visual signals. Fig. 137 
shows a diagram of a simple receiving circuit in which the adjust- 
able inductance is inserted in the antenna to increase the wave 
length above its natural value. Fig. 138 shows a simple circuit 
containing a variable condenser in series with the antenna for 
tuning to lower frequencies. In addition the circuit, contains a 
device for rectifying the alternating current and a pair of tele- 
phone receivers for translating the oscillating energy into audible 
signals. 
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136. Cymoscopes or Detectors. — In general detectors may be 
divided into two general classes: 

Those operating a detecting device directly by means of the 
energy received from the sending station, thus getting propor- 
tional responses and those operating as triggers or relays. This 
type is operated by the energy received from the sending station 
merely to influence a local circuit which supplies the energy to 
operate some signalling device. 

At present the use of the former type is limited to the receiving 
of signals from spark stations, while both types are used in 
undamped wave receiving stations. A detector is defined by 
the standardization comniitte of the Institute of Radio Engineers 
as follows: "A detector is that portion of the receiving apparatus 
which is connected to a circuit carrying currents of radio frequency 
and in conjunction with a self contained or separate indicator 
translates the radio frequency energy into a form suitable for 
operation of the indicator. This translation may be effected either 
by the conversion of the radio frequency energy or by means 
of the control of local energy by the received energy." 

It would be useless to describe all of the different types of 
detectors used at various times in the very rapid development of 
radiotelegraphy and therefore we shall Umit ourselves to a dis- 
cussion of those types which have been the most widely used 
and the most successful. The earliest detector was the coherer. 
It was employed by Marconi and several other experimenters but 
was soon abandoned in favor of other types. The magnetic and 
electrolytic detectors followed the coherer and were likewise 
superseded by the crystal detector. The crystal detector was 
very widely used and very successful up to the advent of the 
vacuum tube detector which at the present time is used practically 
universally. The operation of this wilt be explained later. 

Certain crystals have the property of offering a much higher 
resistance to the flow of current in one direction than in the 
other direction. This property is termed unilateral conductivity, 
and the crystals possessing it are called rectifiers. There are 
quite a number of different crystals that have this property; such 
as silicon, galena, carborundum, molybdenite, with a metallic 
contact and zincite-chalcopyxite, zincite-boronite, zincite-tellu- 
rium, silicon-arsenic, iron pyrites-antimony and numerous other 
combinations. Some of these are used with a local battery 
and others employ merely the rectified current to operate the 
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detecting device, which is usually a pair of telephone 
receivers. 

The action of the detector is as follows; The received energy 
which, upon collection by the aerial develops oscillating currents, 
is passed through the detector, either directly or in a derived 



Fio. 139. — A mounted crystal detectoT. 

circuit by means of a transformer, and the detector acts as a 
rectifier by changing the oscillating current to a undirectional, 
intermittent current. This unidirectional cyrrent can be used 
directly in the telephone receiver. One group of these rectified 
currents produces but one movement of the telephone diaphragm, 
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that is each spark produces a movement, and not the individual 
waves of the spark. Fig. 139 shows one form of crystal detector. 
Various connections are possible with crystal detectors; some 
of these are shown in Figs. 140, 141 and 142. Silicon and galena 
crystals are sensitive detectors and do not require a local battery. 
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Carborundum and zincite-chalcopyrite detectors require a bat- 
tery, the latter forms the most sensitive detector but the former 
is very rugged and holds its adjustment a long time. Ordinarily 
all points on a crystal are not equally sensitive, it is thus neces- 
sary to adjust for maximum sensibility and it is extremely diffi- 




-=-B 



Te/ep/iones 



FiQ. 142. — Possible detector circuit with battery. 

cult to maintain a good adjustment with a galena detector. The 
adjustment of the detector for maximum sensibility can be made 
either while receiving signals or before actual reception by excit- 
ing the receiving set by means of weak local oscillations from 
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Fio. 143 (o) and (6). — Receiving circuits with buzzer test circuits. 

a buzzer. Figs. 143 and 144 show the connections for such a 
buzzer test outfit. The buzzer circuit is coupled inductively to 
the antenna circuit as shown. A small coil Li of 5 to 6 turns about 
1.25 to 1.75 in. in diameter is connected in series with the 
antenna. Around this coil is wound another coil Ls of the 
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buzzer circuit. A^ the buzzer is operated, electric oscillations 
are set up in the circuit consisting of coil Li and condenser Ct. 
These oscillations are tuned to the antenna frequency and thus 
excite oscillations in it. 

The buzzer and its circuit are for the purpose of determining 
the condition of sensitiveness of the detectors. For instance if 
the received signals suddenly cease, the receiving operator must 
be in a position to determine whether the break is due to a fault 
at the sending or receiving station. If be hears signals when the 
buzzer is operated, he knows at once that his detector is all right, 
and that the interruption is due to some 
other cause, while an absence of signals indi- 
cates that his detector is at fault. 

The buzzer circuit is also employed for ad- 
justing the crystal detector for the most sen- 
sitive operating condition. It is generally 
necessary after a period of operation to ad- 
just the detector to its maximum degree of 
sensitiveness. This is done by exciting the 
buzzer circuit and changing the points of 
contact on the crystal until the loudest 
signals are heard in the telephones. 

136. Telephone Receivers. — The principles 

of operation of the telephone receiver will be 

phone receiver*' understood from Fig. 144, which is a section 

of the ordinary instrument. The essential 

parts are a case of hard rubber, two permanent bar magnets or 

a horseshoe magnet, coils, and a diaphragm. 

Two permanent bar magnets are employed, being fastened to- 
gether so as to form a single horseshoe magnet. Two soft-iron 
pole pieces P and P' are attached to the ends of the magnet near 
the diaphragm. Each one of the soft-iron poles is surrounded by 
a coil of very fine insulated copper wire, marked M and M' in 
the figure. Immediately in front of the poles is placed the sheet- 
iron diaphragm D which must not touch the pole pieces even 
when vibrating through its widest range. One of the magnet 
poles is a north pole and the other is a south pole. The diaphragm 
forms a part of the magnetic circuit, and where the lines enter 
the diaphragm a south pole is formed, and where the lines leave 
the diaphragm a north pole is formed. Thus the diaphragm acts 
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as &n armature and by the attraction of the magnet is constantly 
bent or dished toward the pole pieces. 

The coils on the pole pieces are connected so that the magnetic 
lines set up by a current passing through them will make one 
a north pole and the other a south pole. The currents flowing 
through the coils in one direction tend to strengthen the field 
of the permanent magnet, and currents flowing in the opposite 
direction tend to weaken the field of the permanent magnet. 
The diaphragm wfll spring away from the pole pieces when they 



Fio. 146. — Principles of radio telephones. 

are weakened, and when the current ceases the diaphragm will 
be drawn back toward the pole pieces. When the magnetic 
field set up by the coils assists the field of the magnet, the dia- 
phragm will be drawn nearer to the pole pieces, and when the 
current stops the diaphragm will again spring back to its normal 
position. 

The construction of radio telephone receivers is shown in 
Fig. 145, This instrument is a double pole receiver, hence, the 
operation is the same as that of the hand receiver described above. 
The permanent magnets consist of steel rings P, which are cross 
magnetized so that a north pole exists on one side and a south pole 
on the other. The soft-iron pole pins are clamped between the 
bottom ring and the case, as shown in the sectiQnal vi?w. Th§ 
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essential difference between the ordinary wire telephone receiver 
and the receiver for wireless telephony is in the resistance of the 
coils, the latter having much the higher resistance. Those 
shown in Fig, 146 are wound to 3200 ohms resistance, 

137. Sensitiveness and Amplitude of Vibration. — The sensitive- 
ness of telephone receivers depends upon the strength pf the 
permanent magnets and upon the diameter and thickness of the 
diaphragm. A thin diaphragm responds very readily to currents 
of high frequency and gives clear, sharp tones, while a thicker one 
is more rigid and responds readily only to low frequencies. The 
chief objection to a very sensitive receiver is that it reproduces 
any local disturbance as faithfully as it does the waves from the 
transmitting end. 



Fio. 146. — A pair of radio telephones. 

It is incredible what small quantities of energy are required 
to operate a receiver to produce audible sounds. Kenuelly's 
tests show that a current as small as 0.000000044 ampere is 
sufficient to produce audible signals. The amplitude of vibra^ 
tion of the diaphragm is likewise very small. Investigators do 
not agree but Bosscha reported the ampUtude for the most faintly 
audible tone to be an amplitude of 0.0000002 centimeter. Weit- 
lisbach concluded that the "amplitude for speaking must cer- 
tainly be considerably greater than for a mere hum, and it is 
fair to estimate it at from 0.001 to 0.0001 centimeter.'" 

1 Shefardson, Telephone Apparatus, p. 5S. 
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138. Natural Period of Diaphragm. — Since the diaphragm 
is an oscillating body, it has a natural period of its own. This 
may be of considerable importance when the frequency of the 
current in the telephone circuit is nearly the aame. Another 
effect of the motion of the diaphragm ia to vary the magnetic 
reluctance of the magnetic circuit, and indirectly the impedance 
of the windings. This, however, is of more importance in tele- 
phony than in telegraphy and in cases where the receiver is 
used as a detector,' 

139. Adjustments ai Damped-wave Receiving Circuits. — A 
diagram of the electrical circuits of a typical damped-wave 



Fia. 147.— Typical connectiona of a. receiving station. 

receiving station is shown in Fig. 147. The student will observe 
that this is merely a combination of the simple circuits into a 
practical working set. 

"The spark-gap shown connected between the antenna and 
ground is really a lightning arrester. The resistances, shown 
shunted around the condenser in the antenna and the condenser 
in the closed oscillating circuit, are for protective purposes and 
serve as a leak for high voltage charges. They are generally 
made of graphite rods and have a very high resistance. The 
detectors shown are of two types, liquid barretters and crystals, 
two of the former and one of the latter being mounted in the 

'See SHBPABDaoN, Telephone Apparatus, loc cit. 
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particular installation represented in the sketch. These detect- 
ors are provided with a condenser which can be shunted around 
them as a protection against too strong currents, such as are 
apt to be picked up during the sending on a nearby set. This 
condenser is. cut out during the receiving operations. The test 
buzzer and its circuits are for the purpose of determining the 
condition of sensitiveness of the detectors."^ In operating a 
receiving set of this type the antenna circuit is first tuned to the 
frequency of the transmitting station with which it is desired 
to establish communication. This tuning is accomplished by the 
adjustment of the variable inductance and condenser. The 
necessity for sharp tuning can be appreciated by remembering 
that in normal times there are hundreds of commercial land and 
ship stations and naval and army stations, and thousands of 

private ones. The allowable wave 
length at which these stations can 
operate has been fixed by the Inter- 
national Radio Congress and by law, 
and this has resulted in a very con- 
fused state of affairs. The condition 

S ^^^ 1 ■ ' at present is that certain wave 

I lengths are very congested, and 

this is particularly true in certain 
parts where there are a great num- 
ber of stations, both land and ship, of 
moderate power and all operating on the same wave length. 
Under actual operating conditions it must be possible to select 
the station with which it is desired to conmiunicate and to weed 
out all of the others so as to reduce the interference to a mini- 
mum. The best method of obtaining this extreme selectivity is 
by loose coupling of the antenna and detector circuits. A simple 
loose coupled receiving circuit is shown in Fig. 148. Both the 
primary and secondary circuits can be tuned and the coupUng 
varied. In tuning to a certain station, both circuits should first 
be tuned to approximately the desired wave length, then the 
primary or open circuit is tuned to the incoming wave and the 
secondary tuned exactly, the final adjustments being made by 
varying the coupUng and the variable condenser C, until the* 
signals are the maximum or the interference reduced to the 
minimum. It will be found in many cases that it is wise to cut 

*KiNTNER, Electric Journal, Vol. 10, p. 826, 




Fia. 148. — ^Loosely coupled 
detector circuit. 
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down the strength of the received signal if the interference can 
be reduced because the point of maximum intensity and that of 
minimum interference do not ordinarily occur at the same 

adjustment. 



Fio, 149. — -Rec^ving txanBfonner. 

The loose coupler, Mgs. 149 to 150, or receiving transformer, 
usually consists of two coils so constructed that one shdes inside 
of the other, the primfuy coil being outside and wound with 
relatively lai^ wire and the secondary being inside and wound 



Fio. 160. — RecciviDK trBDsfoniier. 

with many turns of fine wire. Taps are taken from the windings 
to button switches or the number of active turns may be varied 
by sliding contacts. Sliding contacts are not very satisfactory 
because the contact is poor and the wire becomes worn down with 
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use. Taps are very much more desirable because soldered con- 
nections can be used and the entire instrument can be mounted 
in a cabinet or panel. 



FiQ. 151. — Receiving condenser. 

The variable condensers employed in receiving are of much 
smaller capacity than those employed for most purposes and may 
be of many and varied designs. There is one type of condenser 
that is coming to be used as the standard, Figs. 151 and 152. 



Fis. 152. — Receiving condenser. 

This consists of a large number of metal disks usually semicircular 
in shape. One half of these metal disks are fixed and mounted 
parallel and close together. The other half is mounted on a 
shaft which can be rotated and placed between the fixed plates. 
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The movable plates are separated from the fixed ones by an air 
space and are insulated from them. The capacity of the con- 
denser can be varied by rotating the movable plates. A receiving 
set designed by the Bureau of Standards is shown in Fig. 153. 
140. Receivers for UDdatnped Waves. — Receivers of the type 
described above are for spark or damped-wave signals only as the 
sound the receiving operator hears corresponds quite closely 
to the sound of the spark heard at the sending station. If 
transmission is carried on by means of undamped waves, no 
signal will be heard by a receiving operator using a set like those 
described; for the undamped wave frequency is far above the 



Fia. 153. — Burenu of Standards reoeiviog set. 

limit of audibility, and further, the telephone diaphragm cannot 
respond to such rapid vibrations. 

There are two methods employed in practice for detecting 
undamped or continuous wave signals. These may be called 
the discontinuoiis and interference methods, although the more 
common names are tikker and heterodyne methods. 

141. Discontinuous or Tikker Method. — In the spark system 
the signals are heard at the receiving station because the sparks 
are groups or waves. That is, the spark makes the waves dis- 
continuous at the sending station. In the discontinuous or 
tikker system of detecting continuous waves the discontinuity 
Is made at the receiving station instead of at the sending station. 
The continuous waves are broken up into groups of waves which 
a telephone receiver is capable of detecting. The discontinuity 
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is produced by a rotating switch called a tikker which alternately 
closes and opens a circuit around part of a resonant circuit. 
This breaking in on the resonant circuit breaks up the continu- 
ous waves into groups of cycles which can be made to operate 
the telephone receiver. A typical tikker circuit is shown in 
Fig. 154. The tikker is a wheel mounted on the shaft of a con- 
stant speed motor or is driven in some other way at a constant 
speed. The wheel is made of conducting material in the rim 
of which are inserted insulating sectors. The wheel is connected 
to a resonant circuit by two sUding contacts, one, A, on the face 
or shaft of the wheel and the other, B, on the rim. It is evident 
that as the wheel rotates it alternately connects and disconnects 
C2 in parallel with Ci. When the tikker closes the circuit, C» 
receives a charge from the secondary of the receiving trans- 





Fig. 164.— Connections for tikker. 

former provided current is surging up and down the antenna. 
When sUding contact B makes contact with an insulating sector, 
condenser C2 discharges through the telephones producing a 
click. The frequency or number of these cUcks per second is 
determined by the speed of the tikker and the number of in- 
sulating teeth; the frequency may thus be adjusted so as to pro- 
duce an audible note in the telephone. 

A modification of the tikker method is the so-called tone-wheel 
method. In this method a rotating switch is also employed, but 
the wheel is rotated at such a speed that the interruptions of the 
circuit at A are nearly synchronous with the frequency of the 
alternating current in the resonant circuit. The telephones are 
connected directly in series with the wheel and condenser C% is 
omitted. If the interruptions at A were exactly in synchronism, 
or of the same frequency as the alternating current in the antenna, 
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no sound would be heard in the receiver on account of the high 
frequency. If the frequency of the interruptions is constant but 
sUghtly different from the frequency of the alternating current, 
then impulses will be imparted to the receiver diaphragm whose 
frequency is equal to the difference between the frequencies 
of alternating current and that of the interruptions. To under- 
stand the reason for this, assume that the circuit is first closed 
at the instant the alternating e.m.f. is passing through its zero 
value. At thig instant no current will flow through the tele- 
phone. There may be a phase difference between current and 
pressure, but for the present we neglect this. K the interruptions 
are slower than the frequency, the next contact will be higher 
up on the succeeding e.m.f. wave. The third contact will be 
still higher up etc. so that by the time the e.m.f. has gained one 




3 

Fig. 155. — Interference of sound waves. 

cycle on the interruptions, a cycle of current has passed through 
the receiver and the diaphragm has made one complete oscillation. 
If /i is the frequency of the e.m.f., and /2 the frequency of the 
interruptions, then /i — /2 is the number of cycles gained per 
second by the e.m.f. on the interruptions; and /i— /2 is the fre- 
quency of the telephone diaphragm. It is evident that by adjust- 
ing f2, sounds in the telephone receiver may be made audible. 

Interference or Heterodjme Method. — The principle of the 
interference method has its counterpart in sound. If two Uke 
tuning forks be mounted on resonant bases near each other, and 
if while in this position they be caused to vibrate, a musical 
tone of definite pitch will be heard. If next a small weight be 
attached to a prong of one of the forks, and the two are again 
sounded together, the tone produced will no longer be simple, 
but at successive intervals the sound will be intensified and weak- 
ened or it will be characterized by what are known as beats. 
That is, the loudness of the sound fluctuates; it rises and falls at 
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regular intervals. These beats are due to interference of the sound 
waves produced by the tuning forks. The sound waves produced 
.by the tuning forks may also be represented by sine waves. Let 
(a), Fig. 155, represent a wave due to one fork and (6) be a wave due 
to the other fork. The motion of a particle of air in which these 
waves are produced will be the resultant or sum of the two waves. 
Combining (a) and (6) we get (c) which shows the increase in 
amplitude at points marked A, B, C, and D. At other points 
the ampUtude of the resultant curve is less than the ampUtude 
of either component. The intensity of sound due to the vibra- 
tions a.t A, B, C, and D is greater than at other points in the 
sound waves and accordingly the sound is characterized by beats. 
143. Relation Between Frequencies and Beats. — Suppose the 
two forks mentioned in the preceding article have frequencies 
of 250 and 251 cycles per second. If the two forks are started 
vibrating together and in the same direction, then after 250 
vibrations of one and 251 of the second they will be exactly in 
the same relative position as at the beginning. That is, the second 
fork will gain one vibration in every 250 vibrations of the first, 
or one vibration per second. Since the speed of the sound 
from the two forks is the same, the sound due to the second 

fork gains its own wave length in okV _ oka = 1 sec. or there 

will be one beat per second. In general, if the frequencies are 

/i and/2, then one will gain its own length in ^^^ seconds, and 

Jl ~ J2 

there will be fi — /2 beats per second. This is plainly the same 
as the frequency of the tone wheel described above. The inter- 
ference method of receiving undamped waves is analogous 
to or an exact counterpart of the interference method of produc- 
ing beats. To the receiving antenna circuit is connected an 
undamped-wave generator of a form which will generate waves 
of nearly the same frequency as the generator at the sending 
station, Fig. 166 shows an arc generator at the receiving station. 
The received waves interfere with the locally generated waves 
producing beats whose frequency may be varied by varying the 
frequency of the local generator. The frequency of the beats 
is adjusted so that they produce an audible tone in the receiver. 
With the heterodyne system, interference from an undesired 
signal of slightly diflferent frequency can be avoided by adjusting 
the bea'ts due to the undesired wave to zero or above audibility. 
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For some time the use of the interference or heterodyne system 
was limited on account of the lack of a suitable local generator 
whose frequency could be readily varied. The two available 
methods of generation were more or less unsatisfactory — -the al- 
ternator because its frequency could not be varied quickly and 
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Fig. 156. — Heterodyne receiving circuit. 



easily, and the arc because its current gave disturbing noises 
in the telephones making difficult the recognition of signals. 
But the more recent discoveries of the properties of vacuum tubes 
have obviated these difficulties and the heterodyne method 
has become commercially feasible. The vacuum tube and 
some of its many applications will be given in the next chapter. 
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CHAPTER XI 

VACUUM TUBES AND THEIR USE IN RADIOTELEGRAPHY 

144. General. — The vacuum tube in the form of Geissler's 
tube has been known for a long time, but its practical application 
has been very limited. It is only within the last few years that 
the properties of these tubes have become more fully known and 
that their practical appUcation has extended to fields which in 
war times cannot be discussed. In 1906 DeForest presented a 
paper before the American Institute of Electrical Engineers on 
a New Receiver joT Wireless Telegraphy which he called the Audion. 
It is the modification and improvement in this which have enor- 
mously increased the efficiency of radio-communication, both 
telegraphic and telephonic. As the theory of operation of this 
type of vacuum tube is based on the electron theory of electricity, 
a brief abstract of the theory will first be given. 

146. Electron Theory of Electricity.^ — In the preceding dis- 
cussion of electromagnetic phenomena attention was concen- 
trated on the phenomena without reference to any theory as to 
the essential nature of electricity nor of its relation to matter. In 
fact matter was treated as though it were a vehicle for convey- 
ing or a vessel for holding electricity. As early as the middle 
of the eighteenth century, Prokop Divis made what then seemed 
a fantastic guess that electricity is the soul of the elements. 
In other words this is the one fluid theory suggested by Benjamin 
Franklin to which has been added the suggestion that matter is 
fundamentally electrical. The electron theory is in accordance 
with the statement or guess of Divis to the extent that it asserts 
the atoms of all substances to consist of negative and positive 
electricity, the former existing in the form of very minute cor- 
puscles or electrons, each of which has a mass of about Hsoo of 
that of the hydrogen atom. Every atom is supposed to consist 
of a nucleus of positive electricity around which the negative 
charges are grouped, and the electrical effect of the positive 

^ An elementary and interesting discussion of the electron theory is 
found in Kennedy Duncan's "New Knowledge." 
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electricity just neutralizes that of the electrons and in the normal 
condition the whole atom is electrically neutral. The positive 
electricity is immovable, that is to say an atom cannot be de- 
prived of its positive charge; but in conductors the negative 
corpuscles or electrons are continually getting loose from the 
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Fig. 167. — Circuit showing direction of current and stream of electrons. 

atoms and reentering other atoms. When these electrons are 
driven off from the conductor, it is left with an excess of positive 
electricity and is said to be charged positively. Again, if the 
conductor contains an excess of electrons, it has a preponderance 
of the property of these negative corpuscles and is said to be 

negatively charged. The charge 
of one electron is called the ele- 
mentary electrical charge. A 
current of electricity, according 
to the electron theory, is a 
stream of electrons guided by a 
conductor. The interesting fact 
must here be noted that this 
stream of electrons is in a direc- 
tion opposite to that in which 
the current of electricity is as- 
sumed to be flowing. This is 

Fig. 158. — Vacuum tube showing due to the fact that the COnven- 
how an deotron stream may be pr<^ ^^^^ ^^j^ reference to the direc- 

tion of current flow was estab- 
lished before the recognition of the validity of the electron 
theory. It is believed that in a metallic conductor many of the 
electrons are so loosely bound that they are easily set in mo- 
tion by electric forces. There is evidence that the electrons 
are moving in random directions with high velocities when np 
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e.m.f . is impressed upon the conductor. This velocity can be 
increased in several ways, especially by the application of heat, 
to such an extent that they can be ejected from the surface of the 
metal. When they are subjected to the influence of an electro- 
motive force or difference of potential, their direction of motion 
is controlled by the applied e.m.f. The random motion of the 
electrons is changed into directed motion or drift, and this drift 
constitutes the electric current. 

146. Theory of Vacuum Tubes. — We have seen that what we 
consider as a current of electricity flowing from a positive to a 
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Fig. 159. — A simple Mem^ing valve receiving circuit. 

negative potential is in reality a stream of negative charges flow- 
ing from a negative to a positive potential. The negative charges 
or electrons have a mass of about Msoo the mass of a hydrogen 
atom. When we speak of a current of electricity flowing from 
A to B, Fig. 157, we are really speaking of the passage of a stream 
of electrons from Bio A. This in general holds true whether the 
material through which the stream of electrons moves is a solid, 
a liquid, a gas, or even a pure vacuum. 

Consider a tungsten wire (M-N) sealed into a glass tube, Fig. 
158, from which the air has been exhausted, and let this wire be 
heated by an electric current from a battery A, Such a bulb is 
analogous to an ordinary incandescent electric lamp. A certain 
number of electrons flowing along the wire from M toN make up 
this heating current. Not all of the electrons in the wire, how- 
ever, are used for this purpose. As the wire is raised in tempera- 
ture^ the remaining electrons are free to vibrate with increased 
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energy. If heated hot enough, the vibration of these electrone will 
become violent enough to break through the surface tension of the 
metal and permit them to escape. Thus we have the space 
around the filament filled with electrons. These electrons in the 
space immediately around the filament will tend to repel others 
coming out and equihbrium will be reached when no more elec- 
trons will be given off due to the repul- 
sion of those already outside. 

Suppose that in addition to the filament 
we seal into the glass tube a metal plate P 
and make the plate positive with respect 
to the filament by means of a second 
battery B. A milliammeter in this circuit 
will show that a small current is flowing 
toward the plate when the filament is hot. 
This is due to the fact that the free elec- 
trons which have been expelled from the 
hot filament are attracted by the positive 
plate. This stream of electrons from fila- 
ment to plate constitutes a flow of cur- 
rent in. the opposite direction, just as a 
stream of electrons through a wire con- 
stitutes an electric current. In this case 
the flow of electrons is from filament to 
plate, from the plate through the battery, 
and back again to the filament. This cir- 
cuit is called the B circuit. 

If the connections of the battery B are 
reversed thus making the plate negative 
with respect to the filament, no current 
will flow as the plate repels the electrons which are emitted from 
the filament and tends to drive them back into it. If an alter- 
nating e.m.f. be supplied in place of the battery B, there will be 
a current flowing toward the plate only when the plate is positive. 
It is, therefore, evident that the bulb in Fig. 158 may be used as 
a rectifier for alternating currents, and, therefore, can be substi- 
tuted in place of a crystal detector in a radio-receiving circuit. 
Such an instrument is called a Flemping valve. A simple Flem- 
_^ing valve receiving circuit is shown in Fig. 159. 

147. Factors Affecting Operation. — The m^nitude of the cur- 
rent in the plate circuit depends upon several factors. In gen- 
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eral, for a given temperature of the filament and a given voltage 
applied to the plate, the current in the B circuit will be greater, 
the closer the plate is to the filament. For a given bulb at a con- 
stant temperature, the plate current will vary with the voltage 
of the battery B. For a given filament temperature this varia- 




Plate Vol+a^e. 
Fig. 160. — ^Variation of plate current with plate voltage. 

tion will be like curve a, Fig. 160; for a higher temperature it 
will be Uke b. 

The plate current also varies with the temperature of the fila- 
ment. Fig. 161 is a curve showing the nature of this variation. 




Tcmpem+ore of FilamerH" 
Fig. 161. — Variation of plate current with temperature. 

The temperature of the filament may be taken as approximately 
proportional to the square of the heating current. 

There is a third factor upon which the current in the plate 
circuit depends very markedly and this is the potential of the 
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space between plate and filament. As has been stated before, 
electrons which have just left the filament and are moving away 
from it, give a "space charge" as it is caUed to the vacuous 
space in the vicinity of the filament. This space charge is great- 
est close to the filament and will limit the flow of electrons 
between filament and plate. If a fine wire grid is put close to the 
filament; the influence of this space charge may be controlled 
by varying the potential of this grid. If the grid is made positive, 
it will tend to neutralize the effect of the electronic space charge 
which is negative and the result will be an increase in the flow 
of electrons from filament to plate. If the grid is made nega- 
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Fig. 162. — Variation of plate current with grid potential. 

tive, it adds to the effect of the electrons in the space, and 
decreases the flow of electrons in the plate circuit. Thus if the 
temperature of the filament is kept constant, and the poten- 
tial applied to the plate is kept constant, the current in the plate 
circuit may be varied also by varying the potential of the grid. 
a Fig. 162 shows such a curve, while 6 Fig. 162 is a curve 
taken for the same bulb with a higher plate voltage. These 
cm^ves are called the characteristic curves of the bulb and they 
have a very important bearing upon the use to which the bulb 
is to be put. The connections for getting the characteristic 
curves are shown in Fig. 163. The notation of the various 
circuits should be noted as it is standard. 
The circuit which heats the filament i^ called the A circuit; 
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the circuit to the plate is called the B circuit, and the circuit 
to the grid is called the C circuit. The voltage applied to the plate 
is called Eb and the current is called Is. Similarly Ec denotes 
the voltage of the grid and Ic the current in the grid circuit. 
Ea and Ia are the corresponding quantities in the A circuit. 
In accordance with this notation Fig. 162 shows the variation 
of Ib with Ec for constant values of Eb and I a, while Fig. 
160 shows an Eb-Ib curve for /^ = a constant, and Ec = 0. 
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FiQ. 163. — Connections for determining vacuum tube characteristics. 
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Note that when Ec is positive, the grid will attract electrons 
just as the plate and consequently there will be ^ current Ic 
in the grid circuit. When Ec is negative, Ic = 0. In Fig. 164 

Meter 1 shows I a 

Meter 2 shows Ic 

Meter 3 shows Ib 
Voltmeter 4 shows Ec 
Voltmeter 6 shows Eb. 
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148. Vacuum Tubes as Amplifiers. — It has been pointed out 
in the preceding chapter that the energy transformed into audi- 
ble signals at the receiving station is a very small quantity, and 
that the distinctness of tliese signals can be increased by employ- 
ing the energy received to operate or trip a local circuit which 
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Fig. ]64. — Vacuum tube used aa amplifier. 

is supplied by energy from a local source. Much more energy 
can thus be put into the local receiving circuit, and the effect 
of the electromagnetic waves may be greatly increased or am- 
plified. By amplifier is thus meant a device which may be used 
to amplify or increase the effect of the oscillations in the antenna 
circuit. 




FiQ. 165. — CharacteriBtic of bulb used 



One of the most important uses of the vacuum tube is as an 
amplifier, or repeater, of alternating currents either of radio or 
audio frequencies. Simple connections of a. bulb for this purpose 
are shown in jFig, 164. In actual practice the circuits may be 
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much more complicated. The battery C is of such a value ais 
to keep the potential of the grid at the center of the straight 
portion of the Ec-Ib curve, i.e., at point A, Fig. 165. So long 
as the alternating applied voltage does not vary beyond the lim- 
its of the straight portion, that is, does not become greater than 
N nor less than M, Fig. 165, the wave form of the applied e.m.f. 
will be faithfully reproduced by the changes of the B current. 
It is to be noted that in most bulbs and especially in high vacuum 
bulbs which use high plate voltages, the straight portion of the 
Ec'Ib curve is to the left of the current axis. Fig. 165, and con- 
sequently the C battery must be connected in to give a negative 
charge to the grid. As has been stated before, when the grid 
is negative with respect to the filament, no current flows to the 
grid and the only energy required to change the plate current 
is the energy required to give the grid an electrostatic charge. 
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Fig. 166. — Connections for bulb used as detector. 

Thus with only small amounts of energy in the grid circuit, 
fairly large amounts of energy are controlled in the plate cir- 
cuit. The change in Is produces a voltage charge across L2, 
Fig. 164, and the output may be taken directly from this. If 
another stage of amplification is desired, this output will run to 
another bulb. L2 may be a very high inductance or a resistance 
of about 200,000 ohms. The impedance Li may be either a 
very high inductance or a resistance of about 1,000,000 ohms. 
Such resistances may be easily made by drawing heavy lines on 
paper with drawing ink. The function of Li is to prevent the 
battery C from acting as a short circuit for the applied voltage. 
149. Vacuum Tubes as Detectors. — Figure 166 is a diagram of a 
simple circuit for a vacuum tube used as a detector. The action 
of the bulb as a detector is radically different from its action as 
an amplifier. When the bulb is used as an amplifier, the best 
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results are obtained when the steady potential applied to the 
grid corresponds to the mid-point of the straight part of the curve, 
Fig. 165. When the bulb is used as a detector and is connected 
as shown in Fig. 166, the best results are obtained when the steady- 
potential of the grid corresponds to the point where the curve 
has the greatest curvature. With low vacuum bulbs using low 
plate voltage the EcIb curve usually looks like Fig. 167, and the 
point corresponds to zero grid voltage. If the point of great- 
est curvature does not correspond to zero grid voltage, a 
battery may be connected in the grid circuit to bring about 
the desired condition. 

Between sparks the grid potential will be constant and Ib 
will correspond to point m. An incomingspark signal will produce a 




Fig. 167. 



variation like the damped wave below the Ec axis. This varia- 
tion in the grid potential will not be faithfully reproduced in the 
-B circuit due to the fact that Ig cannot go below 0. Conse- 
quently the lower part of the curve will be suppressed, and Ib 
will be irregular as shown. The high frequency variations of Ib 
cannot be heard, or in fact, are suppressed by the high impedance 
of the telephone receiver, but the asymmetry of Ib results in an 
average current in the receiver corresponding to the dotted line. 
This means a temporary or momentary increase in hy and as 
these increases come at spark frequency, they can produce audi- 
ble signals in the receiver. If a battery is used to keep the 
mean potential of the grid at the point n, Fig. 165, the top part of 
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the damped oscillations will be suppressed, and each spaxi wiU pro- 
duce a decrease in the telephone current. If the mean potential 
of the grid is at a point a, Fig. 165, the incoming oscillations will 
be faithfully reproduced at radiofrequency, but as neither half of 
the curve is cut off, the average of Is when the spark signal 
is coming in is the same as it was before and consequently no 
sound is heard. In actual practice it is difficult to find such a 
point, but varying the mean grid potential over the range of the 
curve results in marked changes in the strength of the signals 
as would be expected from the theory given. In Fig. 166 a vari- 
able condenser may be placed across the telephones. A vacuum 
bulb receiving set is shown in Fig. 168. One form of detector 
bulb is shown in Fig. 159a, 



Pio. 168. — Vaouuin bulb receiving set. 

160. CaidenBer in Grid Lead. — Figure 169 shows a simple re- 
ceiving circuit using a vacuum tube as a detector with a condenser 
Ci in the lead of the grid circuit. In such a circuit the condenser 
across the telephones may be omitted and if the bulb has a low 
vacuum, the high resistance R may also be left out. A condenser 
connected into the grid lead of a circuit is sometimes called a 
"stopping condenser." The action of the bulb with a stopping 
condenser is as follows: The incoming signals make the terminals 
of condenser C» alternately positive and negative. This also 
produces alternating voltages across Ci and consequently the 
grid becomes alternately positive and negative When the grid is 
positive, a few electrons are attracted to it. When the grid is 
negative, no electrons are attracted. Consequently, under the 
alternating-current voltage applied electrons are attracted to the 
grid only during the positive half of the wave. These electrons 
cannot return rapidly and their accumulation tends to give the 
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grid a preponderant negative charge. This negative charge 
keeps increasing until it neutralizes the effect of the positive 
half of the alternating-current voltage. The effect of each 
spark, therefore, is to give the grid a negative charge and this 




Fig. 169. — Condenser in grid circuit. 
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Fio. 170. — Curves showing influence of stopping condenser. 

negative charge decreases the plate current. If the vacuum 
of the bulb is low, the negative charge will leak oflf slowly 
between the sparks. If the vacuum is high, the negative charge 
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will not leak off through the bulb, but will remain maintaining 
the grid at a negative potential. To avoid this a high resistance 
R of about 5 megohms is placed across Ci. This resistance is not 
low enough to permit Ci to discharge as fast as it is charged, 
but it.is low enough to permit Ci to discharge between the sparks. 
When the stopping condenser is used, an incoming spark signal 
always produces a decrease in the plate current. The best results 
are obtained when the direct-current voltage of the grid 
is maintained, by a battery in series with R, at such a value 
as to permit the working of ttie bulb on the steepest part 
of the EcIb curve, at point a, Fig. 165. This is the point that 
gives poorest resulta when the bulb is used without a stoppii^ 
condenser. Figure 170 shows graphically the effect of the 
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Fio. 171.— TCoanections for vaauum bulbs used an detectors ftnd ainpliflerB. 

stopping condenser. If there is no condenser across the tele- 
phone receivers, the plate current cannot follow the h^h fre- 
quency grid voltage alternations but only the average or spark 
frequency changes. These are of low enough frequency to operate 
the receivers. A circuit showing the connections for a vacuum 
bulb detector and another as an amplifier are shown in Fig. 171. 
The coil L is a high impedance coil. It may have high induc- 
tance or resistance. A condenser may be placed across L in Fig. 
170. The stopping condenser may be variable or fixed, of about 
0.003 microfarads capacitance. In all circuits using a bulb, the 
best results are obtained when the tuning condenser Ct, Fig. 169, 
is set at a low capacitance. Consequently, it is better to raise 
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the secondary inductance and decrease the capacitance of the 
receiving condenser if it is found that resonance is obtained with 
a large condenser reading. 

161. The Vacuum Tube as an Oscillator. — ^By proper coupling 
between the grid and plate circuits a vacuum tube may be made 
to produce continuous oscillations. For the purposes of demon- 
stration let us consider a circuit such as that shown in Fig. 172, 
using a vacuum tube whose characteristic Ec-Ib curve corre- 
sponds to Fig. 173. Inductance Lg in the grid circuit and an 
inductance Lb in the plate circuit are coupled together so that 
any change in Ib will induce a voltage in Lq. To understand the 
action of a vacuum bulb as a generator of undamped waves, 
assume the filament heated and a steady current flowing in the 



MiUi'ammeftr 




FiQ. 172. — ^Vacuum bulb connected as oscillator. 

B circuit. This for a certain size bulb will be about 4 milli- 
amperes. Fig. 173, as the grid potential is zero. Any variation 
or unsteadiness in the plate current will induce an e.m.f. in 
coil La» This is due to the fact that 7b, the plate current, flows 
through Lb which is inductively coupled to Lq, If La is connected 
so that increasing Ib induces a voltage in Lb of such a value as to 
make the grid positive with respect to the filament, a further 
increase in Ib will take place. Fig. 173. Increasing Ib will increase 
the positive potential of the grid still further by induction and 
so on. This process will go on until a point is reached where an 
increase in the voltage of the grid does not cause an increase in 
Ib- This point is determined by the characteristic ciu-ve of the 
bulb and the resistance of the circuit. 

Just as soon as Ib ceases to increase, the potential of the grid 
drops to zero, and Ib begins to decrease. But if an increase in 
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Ib makes the grid positive by inductive action, a decrease in 
Ib will make it negative with respect to the filament. This will 
cause a further decrease in I^ which will, therefore, decrease below 
4 milliamperes to a point where the decrease in grid potential 
causes no further decrease in Ib, when the conditions are reversed 
and Ib will rise, repeating the cycle just described. Thus the 
plate current rises and falls with a definite frequency. The 
period of these oscillations is determined by the constants of 
the circuit as in other oscillatory circuits, in this case by the 
inductance Lo and the condenser C. By properly choosing the 




Fio. 173. — Characteristic of oscillating vacuum bulb. 

inductance and capacitance it is possible to produce oscillations 
in such a circuit ranging from 0.6 to 100,000,000 cycles per 
second. 

There is a large number of oscillatory audion circuits. The 
principle of some depends upon inductive coupling between the 
grid and plate circuits. There are a few the principle of which 
depends upon capacitative coupling between plate and grid cir- 
cuits or combined capacitative and inductive coupling. 

When a bulb is oscillating, the grid becomes alternately posi- 
tive and negative. When the grid becomes positive, it will 
attract a few electrons to it as has been described. Consequently, 
there will be a small current flowing to the grid and a meter placed 
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close to the grid will indicate this. This meter is an indicator of 
whether or not the bulb is oscillating as of course there is no 
current in the grid circuit when the bulb is not oscillating. 
162. Uses of Oscillating Vacuum Tubes. — The uses to which an 
oscillating vacuum tube may be put are many. If a bulb is 




Fig. 174. — Vacuum bulb circuit used as receiver for undamped waves. 

connected up according to Fig. 174, it may be used as a receiver for 
undamped oscillations. The heterodyne method of receiving 
continuous oscillations has already been described. The con- 
denser across the telephones in Fig. 174 is necessary as the high 
impedance of the telephones would not permit the high frequency 
current to pass. 




Fia, 175. — Vacuum bulb circuit 
used as wavemeter. 



Fig. 176. — General Electric 
oscillatory circuit. 



Figure 176 shows an oscillating circuit frequently used as a 
wavemeter. The setting of the condenser C, determines the 
wave length of the oscillations. If the wavemeter is calibrated 
and its readings in wave lengths marked upon the dial of the con- 
denser, it will read directly. By placing such a wavemeter 
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close to an oscillating receiving set such as Fig. 174, the receiving 
set may be quickly calibrated by getting the beats between the 
two circuits. The telephones may be either in the wavemeter 
or in the receiving set circuit. If the wavemeter is used without 
the telephones, the condenser C2, Fig. 176, is shunted by a wire. 
Unless this condenser is large enough the wave length of the 
wavemeter will have two values depending on whether or not 
the telephones are in use 

163. Vacuum Tube as Generator. — -Another very important 
use of the vacuum tube oscillator is as a generator of undamped 
waves in transmission. Bulbs used for transmission are usually 
larger than bulbs used for receiving, and are operated by voltages 
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Fig. 177. 



in the plate circuit which sometimes run as high as several thou- 
sand volts. Figure 176 shows an oscillating circuit developed by 
the General Electric company. 

Best results are obtained when the circuit L^Ct is tuned to cir- 
cuit LpCp. Figure 177^ shows a simple circuit for undamped 
sending. The aerial takes the place of the capacity Cp. Such an 
imdamped sending set may be used either for telegraphy or 
telephony. If used for telegraphy, a key is inserted in the grid 
circuit. If used for telephony, the high frequency waves are 
modulated by some suitable means. 

This circuit has been recently improved by making the con- 
nection between the aerial and Lp variable so that the in- 

^This circuit was devised by C. Moreau Jansky at the U. W. Physics 
Laboratory. 
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ductance in the aerial circuit is less than that in the plate 
circuit. The wave length is determined by the capacitance and 
inductance in the aerial circuit. Such a circuit is at present 
used in the Phjraics Laboratories of the University of Wisconsin. 
In recent tests made with this circuit radiotelephone conversa- 
tion has been carried on over a distance of 130 miles with results 
which indicate that the range is much greater. A high vacuum 



Tia. 178.— A hish vacuam power bulb. 

bulb, Fig. 178, is used. The bulb was built at the University 
by Professor E. M. Terry. A plate voltage of 800 volts or over is 
applied. The average plate current is 0.1 ampere when the bulb 
oscillates. This gives 1.5 to 3 amperes in the aerial at 1500 
meters wave length. The aerial used has a natural wave length 
of 610 meters. 

It has been found possible to make a vacuum bulb oscillate 
at two frequencies at once, one audio and the other radio. Such 
a bulb ie self modulating. If the radio frequency from such a 
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bulb is radiated into an antenna, it will be modulated by the 
audio frequency. This makes the very selective tuning obtained 
with undamped waves available without the necessity of using 
heterodyne receiving apparatus. 




Fig. 179. — A combined radiotelegraph and telephone circuit. 

Figiure 179 shows a circuit for generating both audio and radio 
frequency in the same bulb.^ Lo, ii and C are coils and con- 
denser for the radio frequency. Li, Lz and Cj, Ct are coils and 
condensers large enough to produce audio frequency. 

^ CircuUir No. 74, Bureau of Standards. 
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